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ABSTRACT
CONCURRENT EVAPORATING SPRAY JETS IN
DILUTE GAS-SOLIDS PIPE FLOWS
by
Xiaohua Wang
Evaporating spray jets into gas-solids suspensions are encountered in many industrial
applications. The rapid evaporation of spray jets has significant effects on the gas-solids
mixing near the jet nozzle regions, including non-uniform solids concentration dilution,
gas/solids temperature reduction, and gas/solids velocity acceleration. Furthermore, the
jet structure is altered by the change of solids loading, jet mass flow rate and initial
droplet size distribution. These interactions of gas, solids and evaporating droplets
dominate the process efficiency and product quality. There is an urgent need for
exploring fundamental mechanisms of the multi-phase interactions with heat and mass
transfer as there are few reported studies on this topic.
This study is aimed at better understanding the phase interactions and
microstructures of concurrent evaporating spray jets in gas-solids pipe flows. A study that
combined experiments, analytical modeling and numerical simulation has been carried
out to explore the unique characteristics of phase mixing and spray evaporation. A
continuously circulating gas-solids suspension flow apparatus has been constructed, and a
concentric liquid nitrogen spray jet was concurrently introduced into the fully developed
gas-solids flow. The spray structure was investigated based on both laser-assisted flow
visualization and temperature measurements along the axis using a thermocouple array.
In order to interpret the experimental findings and go beyond the experiment limits,
modeling approaches were developed, including analytical models and full-field

numerical simulations. The analytical model accounts for turbulent phase transfer and
interactions between the spray and the ambient flow and successfully reveals basic
characteristic phenomena such as the shortening of the spray penetration, evaporation
induced temperature reduction and evaporation-induced gas acceleration. The numerical
simulation, based on a hybrid Eulerian-Lagrangian method, yields the local phase
interactions, evaporation rate, and phase distributions that would otherwise be difficult to
determine.
In this study, an innovative and practical method has been developed for
demarcation of the dense spray region and the dilute spray region in gas-solids
suspensions with strong evaporation. Based on the thermocouple measurements, the
dense evaporation length can be clearly determined from a jump in the axial temperature
distribution. The proposed thermocouple measurement method can quantitatively
determine the dense spray region not only for the cases where optical visualization can be
applied but also for sprays in dense gas-solids flows and in dilute gas-solids suspensions
with indistinguishable droplets and solids particles. The proposed mechanistic model for
thermocouple measurement has successfully interpreted the temperature profiles; the
model suggests that the spray region demarcation is characterized by two time scales,
namely the collision contact time between a droplet and the thermocouple ti c and the time
interval between two adjacent droplet collisions on the thermocouple

τdd.

In this work, a systematic investigation is carried out for the shortening effect of
solids loading on the spray evaporation length. The evaporation length is found to
decrease monotonically and asymptotically when the solids concentration is increased.
Within the range of this study, a solids volumetric loading of 1.0% leads to shortening of

the total evaporation length by 50%, compared to that of the solids-free case, whereas the
dense region length is shortened by nearly 70%. Due to the asymptotic nature, within the
range of this investigation, the most sensitive range of shortening effect of solids loading
occurs within 0.5%, whereas the shortening effect becomes relatively insensitive beyond
this point. This indicates that the spray structure in a dense gas-solids suspension should
be very similar to that in a dilute suspension flow.
The numerical simulation reveals a strong non-uniformity in phase distributions.
It shows that a dense solids layer exists around the jet boundary, which affects the heat
and mass transfer between the spray region and its surrounding flows. Another interesting
finding is the existence of similarity in gas velocity profile in the main spray region. The
dimensionless velocity distributions are not only similar but also match the Schlichting
formula or "the Law of 3/2" of single-phase jets. It appears that the similarity model for a
one-phase jet may be extended to three-phase jets with strong droplet evaporation.
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CHAPTER 1
INTRODUCTION

Evaporating liquid spray jets in gas-solids flows appear in many chemical and
petrochemical processes. Examples include the condensed mode operation of
polyethylene synthesis [Jenkins et al., 1986], the fluid catalytic cracking (FCC) process
for petroleum refinery [King, 1992], wet scrubbing systems for pollution control of the
suspended particulates, and industrial processes of particle nucleation, agglomeration,
and coating [Yang et al., 1993].
A typical cracking FCC unit is shown in Figure 1.1. Heavy oil is injected into the
FCC riser with recycle streams in the form of concurrent or oblique feed jets at the base
of the feed riser, where the oil is mixed with the hot regenerated catalyst. During the
mixing process, heavy oil droplets evaporate immediately, absorbing heat within the unit,
whereupon the heavy oil vapor is carried into the reaction section with the hot catalyst
particles. The cracking reactions start when the heavy oil droplets contact and are
evaporated by the hot catalyst in the riser and continue until the oil vapor is separated
from the catalyst in the reactor.
In a polymerization process as illustrated in Figure 1.2, a large amount of heat is
generated over a short period of time during the reaction process. For high efficiency,
operating temperatures are typically maintained close to the sintering temperature of the
monomer to maintain process efficiency. Under these conditions, particle agglomeration,
hot spot formation, and clogging of the gas distributor can occur, which lead to frequent
shutdowns and require extensive cleaning of the reactor. In order to relieve the reactor of

1

2
the excess heat, an evaporative liquid with a boiling point lower than the operating
temperature is injected into the reactor. As in the cracking units, the polymerization
reactor is cooled significantly as the evaporating fluid absorbs energy equivalent to its
latent heat.

Figure 1.1 Riser cracking FCC unit
(Kunii & Levenspiel, 1991).

3

Figure 1.2 Condensed mode of operation for the polymerization process
(Jenkins et al., 1986).

Rapid cooling is only one consequence of the introduction of liquid spray jets into
a gas-solids system. The resulting sudden expansion also has significant effects on the
gas-solids interactions. Typical effects include the reduction of local phase temperature,
dilution of the solids concentration, changes in phase velocities, and increase in turbulent
intensity and phase collisions. Conversely, the introduction of solid particles represents a
large heat sink that promotes evaporation and alters the liquid-solids interactions. The
liquid spray evaporation induces a flow-field turbulent modulation and entrainment
within the bed. This three-phase interaction behavior further complicates the dynamics.

4
The bed fluidization behavior, which is severely affected by these localized liquid jet
disturbances, deserves a systematic investigation.
Only very limited research in the field of dilute non-isothermal three-phase flows,
either numerical or experimental, has been reported so far. The subject of evaporating
liquid spray jets in gas-solids flows is multi-disciplinary and also related to multi-phase
flows. Closely associated research fields include fluid dynamics of two-phase jets,
mixing of two-phase flows, evaporation of liquid droplets, particle-droplet collision, and
particle-turbulence modulation. That all these fields are themselves under rapid
development and many of them are interacting with other disciplines further complicates
the nature of the study. For example, droplet evaporation in a gas-solids flow is much
more complex than that in a packed bed of porous particles. Although the effect of
particles on droplet/vapor flow should be considered, there is no dynamic coupling
between the droplets and the particles. For simplicity, the literature survey on the topic of
this research can be roughly separated into four sub-categories, as shown in Figure 1.3.
Chapter 2 consists of a thorough review of published works in each field, focusing on
progress linked to our main topic: evaporating spray jets in gas-solids flows.
The main objective of this study is to understand the fundamental mechanisms
and microstructures of the evaporating liquid spray jets in concurrent gas-solids pipe
flows. The emphasis is on the study of droplet evaporation and penetration in a gas-solids
suspension. A combined effort of experimental measurements, analytical modeling and
full-field numerical simulations has been carried out to investigate characteristics unique
to evaporating spray jets in gas-solids pipe flows.

5

Figure 1.3 Sub-categories related to the thesis topic.

The experimental portion of this study attempts to explore the effects of
parameters, such as the gas superficial velocity, solids concentration and liquid/solids
loading ratio, on the spray evaporation characteristics. A test loop was set up that
operates in a circulating fluidized bed (CFB). Liquid nitrogen was concurrently injected
into the gas-solids pipe flow. A laser-assisted visualization system and a thermocouple
measurement system were used to determine the spray structure in a gas-solids flow. The
experimental investigation provides first-of-its-type data on the characteristics of
evaporating spray jets in gas-solids flows. The data are used to explore the physical
phenomenon and to validate analytical modeling and numerical simulations.
In the analytical modeling section, a one-dimensional model is formulated to
elucidate the phase information of gas, solids, and droplets both in the evaporation region
and in the ambient gas-solids flow region. A mechanistic model is also developed to
build the linkage between the phase-averaged temperature and the temperature of each
phase. The longitude profile of mixture temperature predicted by the analytical model

6
thus could be used to compare with the experimental measurements to validate the model.
Based on the modeling predictions, various parametric effects on general flow
characteristics are further investigated.
The numerical study is aimed to better understand the phase interactions and field
distributions, which are difficult to study experimentally. The governing equations of
gas-solids-liquid flows with strong phase interactions and transfers are developed, in
which gas and solids phases are solved by the Eulerian method, while the droplet phase is
modeled by the Lagrangian approach. This study particularly focuses on the effects of
droplet evaporation on the phase dilution, temperature reduction and phase velocity
change in the flow field. The general jet structure with droplet evaporation also could be
revealed from this full field numerical simulation.

CHAPTER 2
LITERATURE SURVEY

As shown in Figure 1.3, the topic of evaporating spray jets in gas-solids flows overlaps
several cross-linked fields, such as jet related two-phase flows, droplet evaporation,
droplet-solids collision, and particle turbulence modulation. Following is a summary of
literature survey in each respective field.

2.1 Jet Related Two Phase Flow
-

Studies on the concurrent jet related gas-solids flows have been extensively reported over
the past few decades. These studies are mainly focused on the effect of solids loading on
the jet entrainment. Field (1963) measured the gas entrainment by an air-solids jet using
Ricou and Spalding's (1961) direct measurement technique and found that the
entrainment can be enhanced, suppressed, or unchanged depending on the size of the
particles. Tatterson et al. (1987) studied a gas-solids free jet and found the particle effects
on jet entrainment depends on the ratio of particle-stopping distance to nozzle diameter.
In the presence of particles, gas entrainment increases for ratios less than 3; it decreases
for ratios between 3 and 65, while no particle effect is found for ratios greater than 65.
Tsuji et al. (1988) performed an experimental study of the air jet laden with coarse solids.
They attributed the jet mixing to significant particle diffusion. Subramanian and
associates (1982a, 1982b, 1984a, 1984b, 1985) studied concentric air jet mixing in a gassolids suspension flow and calculated the jet entrainment from assumed distributions of
phase velocities, particle concentration and phase temperatures. Measurements on

7
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velocity distributions or entrainment velocities of phases of two-phase jets or of singlephase jets into two-phase flows have also been conducted [Memmot & Smoot, 1978;
Subramanian & Raman, 1983; Filla et al., 1983]. When a flow is turbulent, the addition
of particles can either enhance or reduce the flow turbulence, affecting the transport
behavior of both particles and fluid phases [Hine, 1971; Gore & Crowe, 1989].
Many studies on an evaporative spray jet in a particle-free environment have been
reported. These studies are typically focused on the droplet generation, evaporation and
droplet-droplet interactions. Peter et al. (1994) experimentally investigated the flashing
and shattering phenomena of superheated liquid jets injected into a flashing chamber. It
was shown that a flashing liquid jet could either shatter or remain in the form of an
irregular continuous column after being released from the nozzle. Exponential
temperature distributions of the liquid jet along the axial direction were correlated. Bazile
and Stepowski (1994) used dying visualization and image technique to study the
atomization and vaporization dynamics of liquid methanol in a burning spray jet. Local
vaporization dynamics was observed and reduction in droplet diameter was correlated.
Silverman and Sirignano (1994) studied the effect of multi-droplet interactions on
evaporation and droplet motion of a dense spray in a hot gas environment. Gavalses et al.
(1996) used the phase Doppler method to evaluate the effect of droplet collisions on
spray mixing. Kouremenous et al. (1995) developed a model to illustrate the phase
change process of evaporation, in which the fuel spray is divided into three regimes,
namely the sheet portion, the break-up portion, and the droplet portion. Lasheras et al.
(1998) visualized the break-up and atomization of a round water jet by a high-speed
annular air jet. The specific flux of kinetic energy supplied by the gas to the spray jet was
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found to be the primary parameter determining the secondary break-up and coalescence
of droplets in the far field.
Many researchers simulated the droplet evaporation and spray dynamics with
partial verifications from experimental measurements. Zuev and Lepeshinskii (1995)
proposed a mathematical model of a gas-droplet non-isothermal multi-component polydisperse turbulent jet based on a multi-fluid concept by solving Eulerian governing
equations. Chen and Pereira (1995, 1996) applied the Eulerian-Lagrangian stochastic
method to the dilute evaporating spray in a co-flowing, turbulent heated air stream. The
model showed that the droplet mass fluxes persistently accumulate near the centerline
region. Sirignano (1999) addressed the spray and droplet behavior in terms of fluid
dynamics and transport phenomena with both theoretical and computational studies.
Various topics such as isolated droplet vaporization, heating and acceleration, multicomponent liquid droplet, droplet-droplet and droplet-wall collisions, droplet interactions
with turbulence and vortical structures, and other computational issues and applications
need to be considered.

2.2 Droplet Evaporation
Several evaporation models of a single droplet have been widely used, such as the d 2 law,
the infinite conductivity model, the -ited conduction model, and the vortex model.
Aggarwal et al. (1984) examined the effect of different models on the evaporation of a
single-component droplet in a transient one-dimensional flow of air-fuel droplet mixture.
It was shown that both the d2 law and the infinite conductivity model are not adequate to
predict the evaporation behavior in the convective environment. He recommended the

10
spherically symmetric conduction model for low Reynolds numbers and the simplified
vortex model for high Reynolds numbers. With multi-component droplets, additional
analysis of the liquid-phase mass diffusion is necessary for the prediction rates of each
component [Aggarwal et al., 1991; Hallett, 2000]. The effect of turbulent flow on the
droplet evaporation rate has also been extensively investigated [e.g., Gakkhar & Ppakash,
1990; Michaeledes & Li, 1992; Haywood et al., 1994]. The results showed that the
turbulence enhancement elements could be advantageously used to improve the phase
change process. Gemmen et al. (1990) and Sujith et al. (1996) studied the effect of
acoustic fields on droplet evaporation rate by using both experimental and numerical
approaches. The oscillating convection motion was found to greatly enhance the droplet
evaporation rate.
Vaporization of a droplet in a spray is often affected by the interaction with its
neighboring droplets [Chiang & Kleinstreuer, 1992; Silverman & Sirignano, 1994]. The
droplet interactions may strongly affect various transport coefficients of the droplets,
such as drag coefficient, Nusselt number and Sherwood number. Silverman and
Sirignano (1994) developed a dense spray model to study the multi-droplet interactions
on evaporation and motion of a dense spray in a hot gaseous environment. Sornek et al.
(2000) and Reveillon and Vervisch (2000) respectively studied the effect of turbulence on
vaporization, mixing, and combustion of liquid-fuel sprays with droplet interactions. It
was shown that the turbulence produces more uniform spatial distribution of droplets and
reduces the inter-droplet interactions, which hampers droplet evaporation. Spray
evaporation may also be strongly affected by the droplet-vortex interactions, especially in
turbulent jets with large flow entrainment and separations [Park et al., 1996; Zuo &
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Buick, 1998]. Blake (1996) investigated the coupling effects between a downward spray
and a rising saturated buoyant jet prior to impact on a heated surface.
A few studies of droplet evaporation in a gas-solids flow have been reported, in
which many additional important factors control the droplet evaporation phenomena.
Harpole (1980) and Lage and Range (1993) discussed the effect of thermal radiation on
single droplet vaporization. Thermal diffusion was found to be essential to evaporation or
combustion of fuel droplets with internal heat sources. Droplet evaporation also affects
the droplet-solids collision [Leong et al., 1985], which depends on the heat transfer type,
collision time and contacting area. Buchanan (1994) analyzed the heating and
vaporization of feed droplets in FCC risers. Considering the vapor diffusion of droplets
and the effect of particles, he proposed an empirical correlation of the heat transfer
coefficient for a droplet in the FCC riser. For droplets containing small particles, Elperin
and Krasovitov (1995) used the quasi-steady approximation to develop an evaporation
model, which takes into account effects of compressibility and penetration of a gas-vapor
mixture within the porous shell.

2.3 Droplet-Solids Collision
The dynamics of droplet collisions is of considerable importance in the study of spray in
gas-solids flows. The collision process generally involves large deformations and rupture
of the interface separating or combining the drops. Chen et al. (1998a, 1998b) examined
the effect of turbulence on droplet collisions by means of direct numerical simulation of
turbulence and numerical computation of particle trajectories in a turbulent channel flow.
Nobari et al. (1996) simulated the head-on collision of two droplets from solving Navier-
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Stokes equations. Kitron et al. (1990) used the Monte Carlo method to simulate a head-on
impingement of two gas-solids jets. Their results suggested that the particle concentration
in the impingement region is strongly reduced by the effects of inter-particle collisions.
There are many other reports on droplets collisions, including both theoretical studies
[e.g., Luo & Svendsen, 1996; Jeelani & Hartland, 1998; Hagesaether et al., 1999] and
experimental ones [e.g., Jiang, 1992; Estrade et al., 1999].
Very few literature reports are available on non-isothermal droplet-solids
collisions. Nevertheless some fundamental mechanisms could be linked to collisions of
droplets with isothermal curved surfaces or with non-isothermal planar surfaces. Levin
and Hobbs (1971) used a high-speed camera to examine the isothermal droplet impact on
a curved surface. Podvysotsky and Dubrovsky (1986) studied the mass transfer of the
collision of droplets with a spherical solid particle and proposed an empirical correlation
for a three-component polydispersed flow with coagulation and fragmentation of
particles. Dear and Field (1988) experimentally investigated the geometric effect of a
curved surface on the propagation of a shock wave in a liquid-solids collision. Dubrovsky
et al. (1992) studied the isothermal collision of drops with solid particles of different
sizes, which demonstrated that the impact of fast moving small drops on large solid
particles results in droplet breakup and the formation of polydispersed fragments. Some
mechanisms on particle agglomeration or coalescence of droplets by particle collisions
have been numerically simulated [Bos & Ooms, 1985; Zinchenko & Davis, 1994].
Bussmann et al. (1997) investigated collisions of a single water droplet impacting on an
arbitrary surface geometry, revealing a significant effect of surface curvature. Huang and
Yao (1999) experimentally investigated the impact of water droplets on isothermal

13
cylindrical wires. Yao and Cai (1988) studied the impact of droplets on thin rectangular
strips at a temperature beyond the Leidenfrost temperature. They showed that the impact
includes a combination of splashing and cutting when the droplet size and strip thickness
were comparable. Foss et al. (1989) proposed a parametric model of collision efficiency
for collisions between an evaporating droplet and a non-spherical particle, in which
effects of initial particle orientation, aspect ratio and rotational inertia were illustrated.
So far, partially due to the lack of reliable experimental results, simple and reliable
analytical mechanistic models of inter-particle collisions in a jet flow have not been
developed.

2.4 Turbulence Modulation
In a turbulent particulate multi-phase flow, the particles are dispersed through turbulent
flow fluctuations. The addition of particles can enhance or reduce the flow turbulence,
affecting transport behavior of particle and flow phases. One of the earliest models for
turbulence modulation in homogeneous dilute particle-laden flows is Hinze's approach
(1971), in which "vortex trapping" of particles is assumed. According to this model,
particles should always suppress the flow turbulence, which is true for fine particles but
not supported by experimental results for large particles [Lee & Durst, 1982; Tsuji et al.,
1988]. One predominant mechanism for the enhancement of turbulence in the presence of
large particles is due to wake shedding, i.e., vortex shedding from the particle wake. With
a particle Reynolds number less than 110, there is no wake shedding, while, with a value
over 400, wake shedding occurs [Achenbach, 1974; Hetsroni, 1989]. This observation
suggests that large particles, with a particle Reynolds number over 400, lead to an
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enhancement of the turbulence; i.e., the wake shedding by large particles causes energy to
be transferred from the average velocity to the fluctuating velocity. Gore and Crowe
(1989) proposed a critical ratio (about 0.1) of particle diameter to a characteristic integral
length scale of turbulence. The turbulence intensity is enhanced when the ratio is greater
than the critical value and is suppressed when the ratio is less than the critical value. This
criterion indicates the turbulence is attenuated by small particles, while it is amplified by
large particles.
At this stage, complete modeling including all of the preceding mechanisms is not
possible because of the complex coupling relationships of the turbulent interactions and
the lack of knowledge of turbulence generation. Nevertheless, simple mechanistic
modeling accounting for a few of the predominant mechanisms of the modulation of
turbulence has been numerically attempted [Parthasarathy & Faeth, 1990; Yuan &
Michaelides, 1992; Elghobashi & Truesdell, 1993; McLaughlin, 1994; Yarin & Hetsroni,
1994; Wu & Faeth, 1995]. For evaporative droplet particles, the mechanism is more
complex, no literature is available to explain the turbulence modulation, enhancement, or
suppression.

2.5 Evaporating Spray Jets in Gas Solids Flows
-

Reports on evaporating liquid spray in gas-solid flows have been scarce. Research in this
field requires an interactive study of many advanced topics, such as dispersion and
mixing of two-phase flows, particle-droplet collision, particle-turbulence modulation, and
evaporation of liquid droplets. Preliminary measurements on flow mixing characteristics
of evaporating sprays in gas-solids flows became available in the late 90s. In a
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preliminary industry-scaled study of liquid nitrogen spray in FCC risers, Skouby (1998)
used the sampling probe measurements to investigate the effect of nozzle characteristics
on the flow mixing. It was found that the spray mixing is heavily dependent upon the
nozzle design. Newton (1998) illustrated a x-ray imaging technique to visualize the flow
patterns of a liquid nitrogen spray inside a large-scale fluidized bed, which showed a
significant difference between the spray in the open space and the one in a fluidized bed.
In an attempt to simulate the hydrodynamic and superheated characteristics of a riser
reactor, Gu (1995) investigated the evaporation rate of liquid nitrogen spray in the riser.
However, his model underestimated the phase interactions and hence the evaporation
rate. Warsito and Fan (2001) developed an electrical capacitance tomography (ECT)
system to capture images of an evaporating liquid nitrogen jet into the dense phase gassolids fluidized bed. Using an image reconstruction algorithm, the cross-sectional images
of the multi-phase flow system could be achieved from the measured capacitance values.
Several full-field numerical simulations on crude oil spray in FCC reactors were
reported on the hydrodynamic processes of heat transfer, droplet evaporation, and mixing
Chang et al. (1996, 1998) performed a full-field numerical simulation of oil spray in FCC
reactors. The hydrodynamic processes of heat transfer, droplet evaporation, and mixing
were investigated. However, in his study, the effects of particle-droplet collisions on
droplet evaporation were ignored. Gupta and Rao (2001) investigated the effect of
atomization on the performance of a fluid catalytic crack riser reactor by numerical
simulation. Most parameters including heat transfer, gas oil vaporization, and catalyst
entrainment and catalytic deactivation are considered in this one-dimensional model,
while each phase is assumed to be well mixed. Hence, this model couldn't provide the
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detailed hydrodynamic mixing process of the evaporative spray in gas-solids flow. Gao et
al. (2001) established a three-dimensional gas-liquid-solid three-phase model,
incorporating thirteen-lump kinetics for residuum cracking reactions. Since the droplet
evaporation rate is a strong function of droplet size, the multi-lump method may lead to a
large biased error in the estimation of droplet evaporation rate. In these numerical
simulations, some significant mechanisms such as phase interactions on phase transfer
and collision-dominated droplet evaporation were either ignored or oversimplified. In
addition, these numerical simulations were not experimentally validated. A similar
approach of solving full-coupling Eulerian equations has also been applied for other gassolids-droplet flows such as food drying process and bio-reactor applications [Crowe,
1984; Straatsma et al., 1999].

CHAPTER 3
EXPERIMENTAL METHOD

3.1 Introduction
The experimental investigation was concerned with the determination of the spray-jet
structure, such as the jet penetration depth and phase temperature, in a gas-solids pipe
flow. For the experimental study, a test loop with an operational mode of circulating
fluidized bed (CFB) was set up, as shown in Figure 3.1. The liquid nitrogen is used as the
jet liquid, and the solids are FCC particles. In this study, both laser-assisted visualization
and a temperature measurement system are used. The parametric effects of ambient inlet
gas velocity, solids concentration and liquid/solids ratio on the spray jet characteristics
were experimentally investigated. In this chapter we will introduce the experimental
setup of the gas-solids pipe flow system, spray jet system, and measurement methods.

3.2 Experimental Setup of the Gas Solids Pipe Flow System
-

In this part, the circulating fluidized bed loop for establishing a continuous gas-solids
suspension flow will be described with the associated methods to determine the
experimental operation parameters.

3.2.1 Circulating Fluidized Bed Loop
As shown in Figure 3.1, the major integral parts of the circulating fluidized bed loop
include a riser, a cyclone separator, a downcomer, a porous-plate distributor, and a couple
of valves for solids flow control. The vertical riser is the main component of the system
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and is 2.5 m in height and 2 inches in inner diameter. The fluidizing gas is introduced
into the system through the distributor located at the bottom of the riser, whereas the solid
particles from the downcomer are recirculated, fed via a control device and carried
upward in the riser. The test section is located in the center of the riser, where the solids
are nearly fully developed and the liquid nitrogen spray jet is introduced. The test section
is made of a transparent acrylic tube, which could withstand temperatures down to
—200°C. The particles, separated from the carrying gas by a 6-inch cyclone (PE-06,
RSG), are collected in the downcomer and recirculated to the riser.

(a) Schematic diagram.
Figure 3.1 Experimental and measurement system.

(b) Photograph.
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The gas-solids flow system is operated by a combination of a house compressor
and an induced fan for better control of the flow and circulation of solids. The air from
the house compressor is regulated into a low pressure with a maximum flow rate of 2600
SCFH. The air flow rate in the riser is fully controlled by adjusting the Dwyer flow meter
valves. In order to satisfy the minimum velocity required for solids separation in the
cycle, an additional air stream is introduced into the loop by the induced fan (QPL625,
Shop-Vac) through the by-pass valve, which is located atop of the test section and near
the cyclone inlet. The gas from the cyclone exit, a particulate-laden gas, passes through
the vacuum filter before it is discharged to the building ventilation hood. Besides easy
control of the gas flow rate in the system, the combination of positive-pressure
(compressor) and negative-pressure (vacuum) flow operation is also convenient for
particle collection and pollution control. Since the pressure inside the loop is kept lower
than that of the ambient air, there is no out-leaking particulate pollution.
The solid particles are FCC particles of 70 in mean diameter and 1200 kg/m 3
in density. The solids are fed into the gas flow above the distributor, a stainless steel
porous disc with an averaged 40-μm pore size and a thickness of 0.062 inch. The highpressure drop across the distributor leads to a uniform gas flow distribution in the riser.
The solids feeding and mixing are illustrated in Figure 3.2, where the distributor is
mounted in the PVC tee. In principle, the solids feeding rate could be adjusted by
controlling the feed control valve. However, this method may not be effective under
certain experimental conditions. For example, at low air humidity, significant
electrostatic charges may be generated directly affecting the flow of solids in the
downcomer, especially near the feeding valve (metal). Thus, a second air stream with a
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small amount of gas is introduced near the feed valve to aerate the solids in the packed
bed of the downcomer. In this experimental system, the second gas stream is provided by
the nitrogen gas cylinder. In order to reduce static charge buildup in the system, a small
amount of quaternary ammonium compound (LAROSTAT®519, PPG/MAZER
CHEMICALS) is added with the solids.

Figure 3.2 Photograph of the solids feeding and mixing parts.

A fully developed gas-solids suspension is obtained in the vertical test section (1.5 m
above the distributor), where a concurrent and concentric liquid nitrogen spray is
introduced. The spray droplets penetrate into the gas-solids suspension and collide with
solids in the test section, then quickly evaporate. Both laser-assisted visualization and a
temperature profile measurement are used to study the spray jet structure in the test
section. The solids are separated from the gas-solids flow by a 6-inch I.D. cyclone (PE06, RSG) with a high collection efficiency, as shown in Table 3.1. The solids flow further
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down through a butterfly valve, then pass through a feed valve, and are transported to the
riser through the solids inlet. The solids feeding rate is up to 10.0 g/s.

Table 3.1 Cyclone Collection Efficiency (Gas Flow Rate 100 CFM)
Microns
75
45
30
20
10
5
2

Collection (%)
99.999
99.7
98.1
95.3
90.0
76.9
53.6

3.2.2 Determination of Operation Parameters
The determination of parameters for ambient gas-solids flows was conducted without
spray jets injecting into the pipe flow. Three operation parameters, namely, the gas flow
rate, the solids mass flow rate, and the pressure drop across the test section, are measured
to determine gas and solids velocities and solids concentration in the ambient flows. Air
flow rate to the CFB was metered by the Dwyer flow meters of RMC-104 (0400
SCFH), RMC-106 (0~1000SCFH) and RMC-108 (0-1800SCFH). These flow meters are
arranged in parallel, as shown in Figure 3.3, and each flow meter has a needle valve to
control the individual gas flow rate. This combination provides an easy way to control
and measure the flow rate with both rough and fine adjustment. In this experimental
study, the gas flow rate was changed from 400 SCFH to 2100 SCFH, which corresponds
to a gas velocity of 1.6 m/s to 5.6 m/s in the 2-inch pipe flow, respectively.
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Figure 3.3 Dwyer flow meters for air flow measurement and control.

At present, no accurate method exists for measurement of the solids mass flow
rate. In this study, we adopted an approximate method. After the butterfly valve in the
downcomer is quickly closed, recycling of the solids phase was stopped, and the solids
started to accumulate in the bin collector. A ruler mounted on the outside of the tube
measures the surface rising speed of the packed solids. Since the effect of valve closing
does not immediately affect the flow of the returning solids, the initial surface rising
speed can be used to estimate the overall solids flow rate before the closing. In this
estimation, the packing density of solids needs to be estimated and the collapsing effect
of solids due to the valve closing needs to be either estimated or ignored.
Some other variables are also monitored during the experiments, for example gas
and solids temperature and pressure drop along the test section. The gas and solids
temperatures are measured by the thermocouples inserted in the gas inlet and in the
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downcomer. The pressure drop along the fully developed bed is detected between two
points across the test section wall with one-meter vertical distance. This pressure drop
reflects the solids holdup in the riser, which reflects the averaged solids concentration in
the riser.

3.2.3 Determination of Phase Velocity and Concentration
Since the solids concentration is very low (less than 1%), the gas velocity is determined
from the gas flow rate at the inlet. When the solids movement can be approximated as
one-dimensional in the test section, the group solids velocity can be directly measured
using the duo-beam cross-correlation method [Zhu et al., 1991]. However, this method
will fail when the solids are uniformly distributed at very dilute conditions or when the
solids are in a recycling motion at the wall boundary at the relatively dense conditions.
Regarding the determination of solids concentration, many approaches are available, for
example the Phase-Doppler Anemometry method [Sommerfeld & Qiu, 1995], optical
probes [Johnsson & Johnsson, 2001] and capacitance probes [Wiesendorf & Werther,
2000]. In this study, gas/solids velocity and solids concentration under stratified flow
conditions are determined from the gas flow rate, bed pressure drop and correlation
relationship between gas velocity and solids velocity under dilute conditions. Schematic
diagram of stratified gas-solids flow in a vertical pipe is shown in Figure 3.4, where the
flow region is divided into a central flow region with dilute gas-solids moving upward
and a wall boundary region with sliding bed moving downward.
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Figure 3.4 Schematic diagram of stratified gas-solids flow in a vertical pipe.

In the central region, the mass flow rate for the gas phase is expressed as:

For the dilute gas-solids flow, the solids velocity is given from the correlation
relationship between gas velocity and solids velocity [Klinzing et al., 1989]

Based on the momentum balance, the pressure drop can be estimated by:
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where fs is the solids friction factor in vertical pneumatic conveying, which could be
expressed by [Yang, 1974]:

Assume that the area of stratified flow is much less than the cross section of pipe
flow. Using the actual measured pressure drop, the gas velocity, solids velocity and
solids volume fraction could be estimated from Equation (3.1) to Equation (3.3).
Furthermore, the internal solids mass flow rate could be calculated by

The difference between the calculated mass flow in the central region and the
solids loading from external circulation yields the mass re-entrainment rate (or stratified
flow) near the wall:

To validate the above analysis method, measurements of solids flow in the central
region are taken from the isokinetic sampling system shown in Figure 3.5. When the gas
velocity is low, anisokinetic sampling is required. For anisokinetic sampling, collection
aspiration efficiency is defined as the ratio of actual sampling rate and free stream
theoretical sampling rate as [Belyaev & Levin, 1974]

where V0 is free stream velocity; v s is the sampling velocity.

Stk

is the solids Stokes

number, which is a function of solids terminal velocity and solids diameter:
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(a) Schematic diagram.

(b) Photograph.

Figure 3.5 Isokinetic sampling system.

Table 3.2 Determination of Solids Concentration in Vertical Gas-Solids Pipe Flow
(External Solids Loading 12.2 g/s)
Gas

Ms1

900
800
700
600
500

12.0
15.3
15.1
24.0
27.2

Sampling Mass Flow
Analy.
Meas
Corr.
3.2
3.17
3.32
3.95
3.50
3.56
3.9
4.16
4.09
6.2
6.34
6.75
6.95
10.0
9.05

αg1
.9981
.9973
.9969
.9939
.9921

Velocity
Gas
3.61
3.21
2.81
2.42
2.02

(m/s)
Solids
2.79
2.42
2.05
1.68
1.31
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Table 3.2 compares the measurements using isokinetic sampling with the
analytical predictions. It shows that when the solids concentration is low, the results are
comparable. However, when the solids concentration is high, the experimental
measurement of solids mass flux exceeds the analytical results. This may be due to the
non-uniform axial distribution of solids concentration in the test section.

3.3 Liquid Nitrogen Spray Jet System
In this section, the liquid nitrogen spray system and its calibrations will be described. The
system can operate at room temperature with an adjustable jet velocity. Calibration of the
system includes determination of the jet mass flow rate, jet velocity and droplet initial
size under the different operation conditions.

3.3.1 Evaporating Spray System
A liquid nitrogen spray jet system with a 5-liter dewar (Brymill Cryogenic), as shown in
Figure 3.6, is used to generate the evaporating jet spray that is introduced into the gassolids suspension flow at room temperature. With the aid of partial evaporation via a heat
transfer coil, the liquid nitrogen is pressurized in the dewar. Driven by the pressure
difference between the dewar and the test section, a liquid nitrogen spray jet can be
generated. In this study, the maximum mass flow rate of liquid nitrogen is about 5.0 g/s
with a dewar pressure of 12 psi and nozzle opening of 1.5 mm. Due to the effect of heat
leakage along the spray tube, a small fraction of liquid nitrogen is pre-vaporized before
injection so that the liquid nitrogen spray is actually a liquid-vapor mixture. Calibration
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of the spray nozzle will be illustrated in next section, which describes the experimental
parameter determination.

(a) Schematic diagram.

(b) Photograph.

Figure 3.6 Spray jet system with 5-liter dewar.

3.3.2 Spray Calibration
Characteristic parameters for the spray jet include the spray mass flow rate, injection
velocity of droplets, droplet size, and liquid volumetric fraction at injection. As noted,
due to the heat leakage of the spray system, a small fraction of liquid nitrogen in the
nozzle tube is pre-vaporized before the injection so that the liquid nitrogen spray is

29
actually a mixture of vapor-liquid nitrogen. Thus, the mass flow rate of liquid nitrogen
and droplet jet velocity calibrations should be separated.
The spray mass flow rate is directly measured by an electronic balance (SV-30,
Acculab) with a digital output. This balance has a capacity of 30 kg and a readability of
0.005 kg. The tank is first filled full with liquid nitrogen, then the gas pressure inside the
tank is adjusted by controlling the liquid evaporation rate in the heat transfer coil to 10
psi (gauge pressure). By opening the jet valve, the liquid will be pushed out by the
pressure difference. Since the jet status depends on the heat transfer on the nozzle tube, a
certain waiting period (two to five minutes in this case) is needed before the start of
measurements to allow the jet system to reach a heat transfer balance and a stable spray.
Figure 3.7 illustrates a history curve of tank weight with liquid nitrogen, in which the
initial weight is around 9.4 kg, and all the liquid nitrogen is sprayed out within 25
minutes. The liquid nitrogen flow rate is about 0.15 kg/minute.

Figure 3.7 Calibration of liquid nitrogen mass flow rate (d=0.8 mm, p g =10.0 psi).
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(a) Dantec PDPA system.

(b) Experiment setup and probes.
Figure 3.8 Spray jet calibration system.
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The velocity and size distributions of the liquid nitrogen sprays were calibrated
near the nozzle exit using a Phase Doppler Particle Anemometer (PDPA 58N70, Dantec).
The PDPA 58N70 system and experimental setup are shown in Figure 3.8. The optical
lens is 250 mm. The focus is adjusted in the center of the liquid nitrogen spray, which is
about 15 mm over the spray nozzle. Figure 3.9 shows the measurement schematic
diagram.

Figure 3.9 Laser Doppler Velocimeter measurement schematic diagram.

The experimental conditions are listed in the Table 3.3. In the measurement of
spray velocity, the Laser Doppler Velocimeter (LDV) mode of the PDPA system is used,
in which only one optical probe is needed. Figure 3.10 illustrates a typical histogram of
the velocity measurement within a sampling period of 20 seconds, which indicates that
the velocities are Gaussian distributed. The averaged velocity is 23.48 m/s with 6.0 m/s in
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standard deviation for the axial velocity, whereas the mean is 1.15 m/s with 1.6m/s in
standard deviation for the radial velocity.

Table 3.3 List of Calibration Conditions
Pressure inside the Tanks

10 Psi

Measurement Point

15 mm above Nozzle
250 mm

Focus Length
Sampling Time

(a) Axial velocity.

20 Seconds

(b) Radial velocity.

Figure 3.10 Typical velocity measurement results (L6G9).

Table 3.4 lists the velocity calibrations for different nozzles under a tank pressure
of 10 psi. The nozzle geometry and dimensions are illustrated in Figure 3.11 and Table
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3.5, respectively. The data in Table 3.4 show that the spray velocity depends on the
nozzle tube length and nozzle openness. The longer the tube length, the more liquid is
pre-evaporated, and consequently the higher the spray velocity. The nozzle with a smaller
opening also leads to an increased jet velocity.

Table 3.4 Spray Velocity near the Nozzle Exit
Nozzle

Axial Velocity (m/s)

Radial Velocity (m/s)

Mean

a

Mean

a

L3G3
L3G6
L3G9
L6G3

37.87
25.10
23.90
39.63

11.85
7.30
6.775
12.23

2.18
1.88
1.25
1.52

1.98
1.80
1.68
2.14

L6G6

37.15

10.0

1.37

1.93

L6G9

35.79

9.66

2.00

1.79

L9G3

47.47

12.25

2.87

1.94

L9G6

36.14
32.22

10.80
9.44

1.03
3.86

1.91

L9G9

Figure 3.11 Schematic diagram of the nozzle geometry.

1.61
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Table 3.5 Nozzle Geometry Dimensions
Nozzle Type
L3G3
L3 G6
L3 G9
L6G3
L6G6
L6G9
L9G3
L9G6
L9G9

Dimensions
1: 76.2 mm
d: 0.3 mm
1: 76.2 mm
1: 76.2 mm
1: 152.5 mm
1: 152.4 mm

d: 0.6 mm
d: 0.8 mm
d: 0.3 mm
d: 0.6 mm

1: 152.4 mm

d: 0.8 mm

1: 228.6 mm
1: 228.6 mm

d: 0.3 mm
d: 0.6 mm

1: 228.6 mm

d: 0.8 mm

Measurement of the droplet size is much more difficult than measurement of the
velocity since the PDPA system requires the use of both an optical sender and optical
receiver. Figure 3.12 presents a typical droplet size distribution with the use of nozzle
L6G9, in which the average size for large droplets is about 90 μm. Due to the current
equipment limitation of the PDPA system, the receiver probe could only detect droplets
up to 120 μm. A wider range of measurements requires the use of a lens with a larger
focal length or laser sheet image analysis. In the numerical simulation and analytical
model, an average droplet size of 120~160 μm is assumed, and the effect of droplet size
on spray jet structure is discussed.
Assuming non-slip in velocity between vapor and droplets at the nozzle tip, we
estimate the vapor volume fraction in the initial vapor-liquid mixture from liquid mass
flow rate and droplet velocity by
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Figure 3.12 Typical droplet size distribution (L6G9).

For example, nozzle L6G9 has an averaged velocity of 35.79 m/s, a mass flow
rate of 2.5 g/s and a nozzle size of 0.8 mm in diameter under the tank pressure of 10 psi.
The vapor fraction is thus estimated to be 82.6% from Equation (3.9), which corresponds
to less than 3% of mass fraction.

3.4 Measurement Methodology
In this experimental study, the major characteristic parameters of interest include jet
penetration length and flow pattern. The penetration length is measured using a
temperature measurement system with fast response thermal probes, while the flow
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pattern is captured by a laser-assisted visualization system. The measurement methods
are introduced briefly in the following sections.

3.4.1 Laser Assisted Visualization
-

As previously described, the test section is made of a transparent acrylic tube, which
provides a window for us to investigate the flow pattern in the nozzle region. The test
section is illuminated by the sweeping laser sheet, where the flow pattern images are
captured by the digital camera. The laser sheet generation system is shown in Figure 3.13
and Figure 3.14. The laser sheet generation mechanism is explained in the following.

Figure 3.13 Schematic diagram of the laser sheet generation system.
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(a) Argon Ion Laser generator and fiberlinker.

(b) Laser sheet scanner and controller.

Figure 3.14 Photograph of the laser sheet generation system.
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First, the laser beam is generated from an argon ion laser (Reliant 1000M,
LaserPhysics) with a 3-watt maximum output, then it is sent into a beam-rotating scanner
(Optical Flow Systems) by an optical fiber. The scan projects a straight "light" line from
the laser beam by reflecting it off a rapidly spinning metal polygon. The scan pattern is
45 degrees in extent and is created by the 8-sided polygon mounted on the shaft of a DC
motor. Since the scanner is located in the focus of a parabolic mirror, the final laser beam
will be parallel during the sweeping. The laser sheet generated by this rotating scanner
has a width of 0.5 m in the vertical direction, which can illuminate the test section
meridian plane. The internal motor is powered by a DC power source, and the rotating
speed can be adjusted by the scanner controller to match the image exposure time. In this
system, the scanning period ranges from 0.5 ms to 12.7 ms.
With the sweeping laser sheet illumination, the spray jet flow pattern near the
nozzle region can be visualized, and the images are captured by a CCD camera (ES310,
Kodak). The Kodak Megaplus Camera, ES310 is a high-speed, real-time, progressivescan digital CCD camera with 648 X 484 pixels, imaging from 30 to 85 frames per
second. The exposure setting of the camera is from 94

1.1S to

12 ms in the continuous

mode. By adjusting the camera exposure setting and the laser-scanning rate, many
different imaging modes can be achieved, such as one frame one exposure, or one frame
multi-exposure. Both digital and analog video output are available for the image analysis,
which is conducted by the image analysis system (XCAP, EPIX Corporation).
Typical microstructure images of liquid nitrogen jets in air are illustrated in Figure
3.15, which shows that the general structure of evaporative liquid jets can be sectioned
into a central core of dense vapor droplets and a surrounding region of dispersed vapor
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droplets. Figure 3.15(b) shows a detailed portion of the evaporation region, in which the
individual flying droplets and gas entrainment near the jet boundary can be identified.

(a) Spray jet evaporation regions.

(b) Fully developed evaporation region.

Figure 3.15 Microstructure of liquid nitrogen jet in air.

3.4.2 Temperature Profile Measurement System
A temperature profile measurement system has been set up in the test section to measure
the temperature distribution along the spray direction, as shown in Figure 3.16. There are
38 thermocouples distributed along the pipe centerline (see Figure 3.16 and Table 3.6).
The thermocouple is OMEGA copper constantan 304SS sheath T type. The sheath
diameter is 0.020 inch, and the junction is grounded. The thermocouples are connected to
a switchboard; the temperature is displayed in a LCD display.
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Figure 3.16 Thermocouple distribution in temperature profile measurement system.

Table 3.6 Thermocouple Probes in the Spray Central Line
Probe index

1

25

29

38

Distance from nozzle

0.50"

6.5"

8.5"

17.5"
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A typical temperature distribution along the axis is shown in Figure 3.17. When

the thermocouple moves from the nozzle tip to A to B to C to D in the spray region in a
particle-free pipe flow, as shown in Figure 3.17(a), the temperature profile will have a big
temperature jump around point C, as demonstrated in Figure 3.17(b).

(a) Typical locations

(b) Typical axial temperature distribution.

Figure 3.17 Measurement of temperature profile by a thermocouple.

Before this jump point, the temperature measured by the thermocouple is nearly
the same as that of the liquid nitrogen. This region is defined as the core evaporation
region, which is densely populated with droplets and droplets are always colliding with
the thermocouple (see the analytical model). The dilute droplet region is defined as being
from the end of the core evaporation region to the point where all the droplets are totally
evaporated. The distance between the nozzle tip to the furthest droplet end point is
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defined as the spray penetration depth (length). It should be pointed out that this
characteristic temperature distribution is valid not only for particle-free flows but is also
true for solids-laden flows.

CHAPTER 4
ANALYTICAL MODELING

4.1 Introduction
In this analytical modeling chapter, a one-dimensional model is developed to predict the
distributions of velocity, temperature, and concentration of each phase of an evaporating
spray jet in a coaxial and concurrent gas-solids pipe flow. Phase transfer and interactions
between the spray and the ambient flow, such as entrainment and turbulent transfer across
the jet boundary, were delineated in this analytical model. It is realized that the
temperature measurement from thermocouples embedded in the spray region represents a
phase-weighted temperature of all three phases involved. Hence, in order to interpret the
temperature measurements using the analytical results, a mechanistic model for the
phase-averaged temperature measured by a thermocouple in the spray region must be
further established. The longitude profile of mixture temperature predicted by the
analytical model is thus used to compare with the experimental measurements for
validation of the model.
Based on the model predictions, various parametric effects on general flow
characteristics could be further investigated. In this chapter, the analytical method will be
introduced, including the general consideration for the model, governing equations, and
the mechanistic interpretation of phase-averaged temperature. The modeling validation
and parametric study of ambient flow velocity, solids loading, and spray jet mass flow on
both jet structure and temperature profiles will be illustrated in Chapter 6.
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4.2 General Consideration
Consider a spray jet evaporating in a concurrent gas-solids pipe flow, as schematically
shown in Figure 4.1. In general, the spray boundary expands along the downstream
direction and eventually loses its identity with respect to the surrounding flow. Thus, the
flow region could be divided into two regions, the spray region, which contains all of the
droplets, and the ambient flow region bounded by the spray boundary and the pipe wall.

Figure 4.1 Schematic diagram of a concentric evaporating jet in a gas-solids flow.

In this modeling approach, it is assumed the jet belongs to the boundary-layer
type, that is, in the jet region, the axial velocity of the jet is at least one order of
magnitude higher than the radial component. Thus, only the axial velocity appears in the
governing equations. For simplicity, the gas-solids suspension is considered as a special
mixture where the local solids are always in thermal equilibrium with the local gas
medium, whereas the solids velocity lags behind the local gas velocity. In the upward
vertical flow applications, this velocity slip is approximated by the particle terminal
velocity. With these approximations, the momentum and energy conservation equations
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could be constructed for the gas-solids "mixture" without the requirement of a detailed
account of interactions between the gas and the solids. Thus, the complicated gas-solidsdroplets interactions may be simplified into a "two-phase" interaction problem, namely,
the interaction between the droplet phase and the special gas-solids mixture (with an
understanding that this "mixture" now contains gas and solids moving at different
velocities). The gas or solids volume fraction in the mixture could be determined from
the species equation by a mass balance over the control volume defined in Figure 4.2.

Figure 4.2 Schematic diagram of the control volume of the spray jet.

Due to the axisymmetry of the pipe flow and concentric jet, the following
conservation equations of mass, momentum and energy in the spray region and ambient
flow region are expressed in the cylindrical coordinates.
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4.3 Governing Equations
4.3.1 Gas-Solids Mixture in Spray Region
The mass conservation equations of gas and solids can be obtained, respectively, from the
mass balance of each phase over the control volume defined in Figure 4.2 as

where the sources are due to the droplet evaporation and jet entrainment from the ambient
flows. The droplet evaporation rate, dominated by the local heat transfer from dropletsolids collisions, will be discussed separately in the following section. Equations (4.1)
and (4.2) are used to calculate the volume fractions of the gas and solids in the mixture.
Neglecting the pressure change in the spray region, the momentum equation for
the mixture is given by:

where the first term on the right-hand side stands for the contribution of gas-solids
entrainment, and the second term denotes the turbulent momentum transfer of gas and
particles from the ambient flow to the spray region. The last item is related to the drag
forces between the droplets and the gas-solids mixture (the relative velocity is
characterized by the velocity difference between the droplets and the gas), and the
evaporation-induced momentum transfer to the control volume. Equation (4.3) indicates a
fact that, among the interactions between the spray and the ambient flow, the entrainment
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of gas-solids mixture by the jet and jet-induced turbulent transfer crossing the boundary
plays the dominant role in the momentum and energy exchange between the spray jets
and ambient flows.
Similarly, the energy balance equation for the gas-solids mixture in the spray
region is be given by:

Once again the sources reflect the contributions from the entrainment of the gassolids mixture, turbulent heat transfer across the jet boundary, and energy exchange
between the droplets and the gas-solids mixture.

4.3.2 Droplet Phase in the Spray Region
The mass balance of droplets in the spray region yields:

where the source term is due to the droplet evaporation.
Neglecting the pressure change in the spray region, the momentum conservation
equation is given by

where the source terms represent the interactions due to the evaporation-induced
momentum transfer and drag forces between the droplets and the gas-solids mixture.
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An energy balance of droplets becomes trivia, and the droplet temperature is
assumed to be equal to the wet-bulb temperature in the spray region. Since the
evaporation is controlled by the heat transfer between the droplets and the gas-solids
mixture, the evaporation rate of a single droplet can be expressed by

where the determination of the heat transfer coefficient will be discussed later. From the
droplet evaporation rate, the change of droplet radius along the axial direction can be
easily determined by

4.3.3 Gas Solids Mixture in Ambient Flow Region
-

Since all phase transfers occur within a confined space (bounded by the pipe wall), with
the droplet evaporation, the ambient temperature of the gas-solids mixture reduces along
the downstream direction whereas the ambient gas velocity may increase. According to
Giorges et al. (2001), the turbulent heat and mass transfer may be assumed to be
proportional only to the ambient gas velocity. Hence the mass conservation of gas in the
ambient flow region is expressed by

Similarly, the mass conservation of solids is established by
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where the turbulent fluctuation intensities of gas and solids depend on the gas-solids
mixing and fluidized bed characteristics. In this study, these turbulent fluctuation
intensities are assumed to be 10%.
The momentum and energy conservation equations for the gas-solids mixture in
the ambient flow region are obtained, respectively, as

4.3.4 Normalization Conditions
All phase volume fractions in both the spray region and the ambient region must be
subjected to the normalization conditions as:

4.3.5 Interactions between Droplets and the Gas Solids Mixture
-

A detailed account of interaction terms between the droplets and the gas-solids mixture in
the above governing equations would require a deep understanding of many detailed
mechanisms of phase interactions that are still far beyond reach currently. Hence, in this
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section, the Buchanan's approach [Buchanan, 1994] is adopted to roughly estimate the
coupled heat transfer and evaporation rate based on some overall account of phase
interactions. Due to the large temperature difference between the liquid nitrogen and the
ambient gas-solids flow (at room temperature), by ignoring the porous and curvature
effects, it may be reasonable to assume that the solids temperature is always beyond the
Leidenfrost temperature so that there is no direct contact between droplet and particles
during a droplet-solids collision (Leidenfrost collision). It is further assumed that there is
no droplet breakup and no droplet coalescence. The presence of solids in the gas phase
decreases the effective thickness of the thermal boundary layer around the droplet while
increasing the drag force coefficient of the gas to a droplet.
The effective heat transfer coefficient can be obtained from the effective Nusselt
number, which is determined by [Dwyer, 19891

where the relative Reynolds number of droplets in a gas-solids mixture is defined by

Equation (4.15) indicates that the heat transfer coefficient of the ambient gassolids mixture to a droplet is decreased when there is a substantial evaporation from the
droplet, while the increase in solids loading enhances the heat transfer between the
droplet and the gas-solids mixture. In the current study, the local volumetric percentage
of solids (solids loading) is less than 1%. With a dp of 120 μm and a slip velocity of 1
m/s, based on Equation (4.16), the relative droplet Reynolds number is calculated as 80.
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However, for a droplet in a solids-free flow, the relative droplet Reynolds number will be
about 1.0 under the same conditions. Also, the effective heat transfer coefficient will be
changed from 2.4 to 8.0.
The droplet effective drag coefficient, C D * , can be estimated based on an
empirical equation proposed by Mostoufi and Chaouki (1999)

where CDO is the standard drag force coefficient for a sphere in particle-free flow and the
exponent 13 is expressed by:

As shown in Equation (4.17), the droplet effective drag coefficient is a function of droplet
Reynolds number (based on droplet terminal velocity), solids volumetric concentration in
the ambient flow, and the physical properties of the droplet and the surrounding particles.
Dependence of the effective drag coefficient to Red is represented by CDO. Hence, the
correction factor depends on the voidage, solids Archimedes number, droplet terminal
Reynolds number, and the diameter ratio of the droplet and the surrounding solids.

4.3.6 Jet Entrainment
In a jet flow, the mass and momentum transfers occur as a result of flow entrainment
induced by the jet. For a gas-liquid jet into an unbounded concurrent gas flow, the jet
boundary expansion can be formulated according to Abramovich (1963) as:
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The gas entrainment velocity can thus be derived from the above equation as:

In the current study, the above equation is extended into the cases of spray jets in
gas-solids flows, in which the ambient phase density in Equation (4.20) needs to be
modified to that of the gas-solids mixture. In addition, according to Ricou and Spalding
(1961), the entrainment rate can be significantly reduced, whereas the jet boundary is
further expanded due to gas phase expansion by combustion or evaporation. Based on the
gas expansion rate due to evaporation, the rough estimation in our study is that nearly
50% entrainment is lost compared to that without evaporation. With these considerations,
Equation (4.20) is modified as
í
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In summary, Equations (4.1) to (4.14) constitute a complete set of governing
equations for local phase variables, such as temperature, velocity, phase holdup, and
evaporation rate. However, the detailed formulation of phase interaction terms in these
governing equations still needs to be established in order to solve these equations.
Among the key phase interactions, the jet entrainment can be estimated from Equation
(4.21), whereas the effective heat transfer coefficients and drag force coefficients are
calculated from Equation (4.15) and Equation (4.17), respectively.

4.4 Boundary Conditions
The boundary conditions in this analytical model include the inlet phase distributions
both in the spray region and ambient flow region, such as velocity, volume fraction, and
temperature. Table 4.1 lists the inlet conditions. The modeling prediction calculation will
be terminated if one of the following criteria is met, 1) the evaporation diameter reaches
90% of the whole pipe diameter, or 2) the droplet diameter is less than 5 μm. Based on
the assumptions of terminal velocity difference between the solids and gas phase both in
the spray region and ambient flow region, the inlet solids velocity could be derived from
the gas velocity. Thus, it does not need to be provided initially.

Table 4.1 Inlet Conditions for the Analytical Modeling Prediction
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4.5 Mechanistic Model of Phase-Averaged Temperature
It is realized that the temperature measurement from thermocouples embedded in the
spray region represents a phase-weighted temperature of all three phases involved.
However, the theoretical modeling proposed above only yields the local temperature of
each phase. Hence, in order to interpret the temperature measurements using the
analytical results, a model for the phase-averaged temperature measured by a
thermocouple in the spray region must be further established.
Consider a thermocouple embedded in a mixture of droplets and gas-solids
medium. The thermocouple measures an averaged mixture temperature that depends on
the local heat balance of the thermocouple from the turbulent thermal convection, the
heat transfer due to droplet collision and evaporation, and the heat transfer due to the
solids collisions. The contributions of solids phase on the heat transfer to the
thermocouple come from two parts. First, the solids collisions on droplets that are in a
collision process with the thermocouple will likely carry away some liquid residue or
additional evaporation and hence shorten the droplet contact time and associated heat
transfer. Second, the heat transfer due to solids-thermocouple collisions may be included
in a combined convective heat transfer of the gas-solids mixture. Assuming that the
conductive resistance of the thermocouple is much smaller than the convective resistance
(i.e., the Biot number is much less than unity), the lump-heat balance equation for the
thermocouple can be established by

where the first term represents the convective heat transfer from local gas-solids mixture
and the second term stands for the contribution from droplet collisions. The droplet
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temperature is constant for all droplets in the entire spray region, whereas the temperature
of the gas-solids mixture depends on the thermocouple location in the flow and is
calculated by the aforementioned one-dimensional analytical model in Section 4.3. The
contact areas and heat transfer coefficients mainly depend on the collision frequency,
convective velocity of the gas-solids mixture, and the collision velocity and sizes of the
droplets and solids.
Equation (4.24) governs the instantaneous temperature of the thermocouple,
which is transient in nature. Direct solving for this equation is not only complicated but
also unnecessary in this study since the measurement reading is a steady-state or timeindependent temperature measurement of a thermocouple. The steady-state temperature
measurement of a thermocouple depends on two time scales, namely, the droplet collision
time (τO and the time interval between two consecutive droplet collisions (τdd). When τc
> τdd,

liquid will accumulate on the probe surface, so that the thermocouple temperature

will be that of the droplets. On the other hand, when

is < τdd,

the thermocouple

temperature will be determined according to a time-averaged heat balance, as described
below.
Now the discussion will focus on the situation when

is < τdd.

A microscopic heat

transfer period between two consecutive droplet collisions contains a period of heat
transfer with droplet collision and a period without droplet collision. Ignoring the initial
effect of the measurement, the microscopic heat transfer becomes periodic. In this case,
the overall heat transfer to the thermocouple sensor during a periodic cycle is balanced,
which yields
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Within the range of this investigation, the response time of the thermocouple is at
least two orders-of-magnitude longer than the characteristic time interval between two
consecutive collisions of droplets. Hence, in a steady-state temperature measurement, the
thermocouple temperature fluctuation due to the micro-scaled periodic heat transfer is
very small compared to the averaged temperature. Therefore, the steady-state temperature
can be estimated from Equation (4.25) as

The time interval between two consecutive droplet-thermocouple collisions can
be calculated from

In this study of the thermocouple measurements in the dilute spray region where
τc

<

τ dd, the collisions between the liquid nitrogen droplets and the thermocouple belong

to Leidenfrost collisions. Since the size of thermocouple sensor is much larger than the
colliding droplets, the collision time may be estimated from equations for Leidenfrost
collisions of droplets with flat surfaces. Based on the experimental measurements of
water droplet collisions with a flat surface over Leidenfrost temperature, Hatta et al.
(1997) proposed an equation for the contact time:
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where the first term is the time of the spreading period, the second is the time of recoiling
period, and We is the Weber number. The maximum collision area between the colliding
droplet and thermocouple can also be estimated by [Hatta et al., 1997]

In order to apply Equation (4.28) to the analysis of liquid nitrogen droplet
collision, two modifications need to be introduced. First, the equation must be modified
for evaporating liquids other than water. The effect of material properties of evaporating
liquid on the contact time can be obtained from a parametric model of Leidenfrost
collisions [Liu & Zhu, 2001]

where the material properties should be evaluated based on the film temperature. The
other modification concerns the collision-induced droplet breakup. When We is high (say,
larger than 80), droplets will break up upon collision [Wachters & Westerling, 1996]. For
droplet-thermocouple collisions, the typical We is about 125, which is based on a droplet
diameter of 120 μm and a relative velocity of 5 m/s. With the droplet breakup, the
recoiling time should be calculated based on the daughter droplet size. Assuming a binary
breakup with equal sized daughter droplets, the recoiling time in Equation (4.28) will be
reduced by a factor of 0.73. Hence, the contact time for a Leidenfrost collision of a liquid
nitrogen droplet with a high We can be estimated, based on Eq. (4.28) and the two
modifications, by
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As mentioned before, the solids-droplets collision affects the dropletthermocouple collision and associated heat transfer. Considering this effect, the impacting
droplet diameter in Equation (4.31) is modified by [Dabros & Van de Ven, 1994]

where dd0 is the original droplet size before the solids collision; f is the mass reduction
fraction due to solids-droplet collision during the droplet-thermocouple collision process,
and τdd is the time interval between two consecutive collisions of solids on the droplet
that is colliding with the thermocouple.

CHAPTER 5
NUMERICAL SIMULATION

5.1 Introduction
Numerical simulation is an important tool to provide a full-field flow description of the
spray mixing and evaporation in a gas-solids flow. In this study, a hybrid
Eulerian-Lg mthodsbenapliumrcysateonuliqdrge
spray in a gas-solids pipe flow. The model takes into account the phase interactions with
droplet evaporation among gas, liquid, and solids phases. This study particularly focuses
on the effects of solids concentration on spray evaporation and mixing, as well as the
effects of droplet evaporation on temperature reduction and dilution of solids
concentration. As a part of the modeling validation process, the penetration depth of a
liquid nitrogen spray jet in a gas-solids pipe flow from numerical calculations is
compared with the our experimental results and those predicted by the analytical
modeling. In this chapter, we will introduce the numerical simulation methodology;
governing equations for each phase of gas, solids and droplets; intrinsic correlations; and
initial and boundary conditions.

5.2 Numerical Simulation Methodology
The chief objective of the numerical simulation is to better understand the phase
interactions that are difficult to examine experimentally. For the study of evaporating
spray jets in gas-solids flows, different modeling approaches could be selected from the
reported literature. One is the continuum multi-fluid method in which each phase of gas,
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solids or droplets is a pseudo-continuum and the governing equations are solved
simultaneously [Crowe, 1984; Chang et al., 1996, 1998; Straatsma et al., 1999].
However, in cases where particles are poly-dispersed and undergoing a phase change
along their paths, it is difficult to define the phase and phase interactions that are size
sensitive in the continuum approach. In such circumstances, the particles may be treated
by the multi-lump method [Lottes et al., 1993], in which particles are separated into a
-ited number of lumped groups where the particles in each group are of the same size.
For example, in their simulation, Chang et al. (1996 & 1998) used a five-lump model for
the droplet number density distribution. Since the droplet evaporation rate is a strong
function of droplet size, the multi-lump method may lead to a large biased error in the
estimation of droplet evaporation rate. The other approach is the probability density
function (PDF) method for the droplet phase [Williams, 1958]. However, no studies have
been reported on applying the PDF method to account for the droplet-solids interactions,
such as collision that is one of the key effects in the study of liquid spray in a gas-solids
flow. The hybrid Eulerian-Lagrangian method [Ahluwalia, 1999] is another approach in
which gas and solids phases are treated by the Eulerian two-phase continuum method,
while the droplets phase is treated by the Lagrangian trajectory method. This approach
nevertheless requires a number of iterations on phase coupling between the gas-solids
two-phase flow and the droplets phase until all phase interactions are converged. It is
noted that, in the numerical studies of gas-solids flows, the Lagrangian method is
typically used when the flow is dilute [Kawaguchi et al, 1998; Senior & Grace, 1998;
Lun, 2000], while the Eulerian method is more often used if the flow is a dense
suspension [Sinclair & Jackson, 1989; Joseph et al., 1990].
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In this study, the hybrid Eulerian-Lagrangian approach was adopted, namely, the
gas-solids suspension flow was calculated using the Eulerian two-fluid model approach,
in which the effects of the droplets were coupled through the source terms in the mass,
momentum and energy governing equations of each phase. The evaporating spray on the
other hand is treated using the deterministic Lagrangian trajectory approach, in which the
droplets consist of a finite number of trajectory groups. Droplets evaporate along their
trajectories and interact with the surrounding gas-solids suspension along their paths.
While the droplet evaporation and trajectory affect the gas-solids flow by the phase
interactions, such as the drag forces and droplet-solids collisions, the gas-solids flow field
in turn affects the droplet evaporation and its trajectory. By iterations between these two
interacting approaches, a final solution of the three-phase flow is obtained once a
convergence is achieved.

5.3 Eulerian Approach for the Gas/Solids Phase
In the calculation of gas-solids flows, it is assumed that the solids are mono-dispersed
without attrition. The gas phase is a mixture of air and nitrogen , where the components
in air are assumed to be nitrogen and oxygen only for the simplification. In this study, the
modeling of the gas-solids flow is based on the MFIX code that was originally developed
by Morgantown Energy Technology Center [Syamlal et al., 1994; Syamlal, 1995].

5.3.1 Conservation of Mass
The continuity equations for the gas and solids phase are given by
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The first term on the left in Equations (5.1) and (5.2) accounts for the rate of mass
accumulation per unit volume, and the second term is the net rate of convective mass
flux. The term tit on right of Equation (5.1) is contributed for the gas-vapor mixture
accumulation in mass from the droplet evaporation per unit volume.
The air-vapor mixture is modeled as a gas obeying the ideal gas law, which is
expressed by

where T g is the air-vapor mixture, which can be solved by the energy equation.

5.3.2 Conservation of Momentum
Consider the interactions between droplets with gas and solids, the momentum balance
equations for the gas and solids phase could be expressed by

where Sg and Ss are the gas and solids phase stress tensor, respectively. I gs is the
momentum transfer between the gas and solids phase. The source terms also include
contributions not only from the vapor generation, rime d , but also from the momentum
transfer, I gd and Isd , between droplets with gas and solids. The interactions between
droplets and gas/solids will be discussed in Section 5.5.
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5.3.3 Conservation of Internal Energy
The internal energy balance for the gas phase is written in terms of the gas temperature:

where 14 g is the gas-phase conductive heat flux, H gs and H gd describe gas-solids and gas-

droplets inter-phase heat transfer. The last source term in Equation (5.6) accounts for the
energy contribution by the droplet evaporation.
The thermal energy balance for the solids phase is given by

where qs is the solids-phase conductive heat flux, and H sd expresses the energy transfer
between droplets and solids due to the droplets-solids collision.

5.3.4 Conservation of Species
The species conservation equation for the nitrogen component in the air-vapor mixture is

where Yn is the mass fraction of nitrogen and the source term for the nitrogen species is
contributed from the liquid nitrogen spray evaporation.
Equation (5.8) considers the accumulation, convection, and evaporation but
neglects the diffusive flux. For the oxygen species, the mass fraction can be calculated by
the species normalization equation:
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The above governing Equations (5.1) to (5.9) could be solved theoretically if all
the items on the right side in the equations are defined. The interactions between droplets
and the gas/solids phase will be given in the next section. The solids-solids momentum
transfer is solved by the granular stress equation based on kinetic theory and friction flow
theory [Syamlal, 1995].

5.3.5 Turbulence Model
In a turbulent particulate multi-phase flow, the particles are dispersed through turbulent
flow fluctuations. The addition of particles can enhance or reduce the flow turbulence,
affecting transport behavior of both particle and flow phases. With evaporating droplets,
the turbulence transport mechanism becomes more complicated. So far no literature is
available to explain the three-phase turbulence modulation or two-phase turbulence with
evaporations. Based on the nozzle diameter and jet velocity, the spray jet flow has a
typical Reynolds number of 30,000, which means the turbulent effect should be
accounted for in this phase-mixing process. In this study, a simple Prandt1 mixing-length
model (PMLM) was used, in which the effective fluid viscosity was modified by the
characteristic turbulence length scale.
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5.4 Lagrangian Approach for Droplet Phase
In this study, the droplet phase field is calculated by tracking the droplets throughout the
computational domain using the Lagrangian approach. The initial distributions of droplet
size and velocity in the spray could be given according the given experimental
probability density function to obtain an adequate number of discrete droplets, each of
which represents a set of droplets having the same size and initial conditions. To simplify
the numerical simulation, it is assumed that no droplet breakup and coalescence happen
during the droplet evaporation and in the droplet penetration trajectories. However, indirect interactions among droplets are included as source terms in the gas-solids field
simulation, which provides the gas/solids phase distribution of temperature, velocity and
concentration.

5.4.1 Droplets Trajectories
When a droplet moves in a gas-solids flow, the forces acting on it include gravitational,
gas/solids drag force, and droplet-solids collision force. To predict the droplet trajectory,
one has to know these governing forces. However, there is little information available to
illustrate the droplet-solids collision efficiency and momentum and heat transfer among
collisions. In this model, the effective drag force for a droplet in a gas-solids flow is
experienced from a particle in a fluidized bed, which will be discussed in Section 5.4.3.
Then the equations of motion for each of the droplets can be written as,
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where V di is the instantaneous droplet velocity. CI is the effective drag force coefficient
for a droplet in a gas-solids media, which is based on the local relative velocity between
gas and the droplet, V gdi , and will be discussed in Section 5.4.3.
-

The deterministic droplet trajectories are obtained by integrating the available
velocities:

5.4.2 Droplet Evaporation Model
Actually, the droplet evaporation will also affect droplet trajectory. Droplet evaporation
will reduce droplet size and change the suspension flow field, including particle
concentration, phase temperature, and phase velocities. At the same time, particle
addition in the flow will also change droplet evaporation, then droplet trajectory.
Assuming that the droplet evaporation rate depends only on the vapor
concentration distribution along the radial direction from the droplet surface, we have the
droplet evaporation equation as [Aggarwal et al., 1984]
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Equation (5.13) indicates that the surface vapor mass fraction is related to the
surface temperature Td [Chen & Pereira, 1995], a quantity obtainable from solving the
heat transfer equation of a droplet as follows.
The total thermal energy required for droplet evaporation and for droplet heat-up
is based on the heat transfer from the gas/solids flow. For small droplets where the Biot
number is much less than unity, the heat balance of a droplet can be expressed from the
lumped thermal capacity model:

where Nu* is the effective Nusselt number for a droplet in a gas-solids mixture, which
will be given in Section 5.4.3.
It should be pointed out that, while the droplet evaporation rate depends on the
vapor diffusion, the vapor concentration on the droplet surface relies on the droplet
surface temperature, which is controlled by the heat balance on the droplet. When the
temperature of droplet is much less than the vapor saturation temperature, the evaporation
rate is diffusion controlled, since the concentration difference across the boundary layer
is small as compared to a rather large temperature difference. In this case, the heat
transferred to the droplet is used for both droplet heat-up and droplet evaporation. Once
Td is

approaching the vapor saturation temperature, the droplet evaporation rate becomes

heat transfer dominated. Now all the heat transferred from the gas-solids flow is used for
droplet evaporation.
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5.4.3 Interactions between Droplets and the Gas-Solids Phase
In the heat transfer between the droplets and the gas-solids flow, droplet-solids collision
plays a very important or even dominant role. Unfortunately, there is little information
available to explain the detailed collision mechanisms. Many factors may affect the
collision-induced heat transfer, such as collision frequency, duration of contact per
collision, and heat transfer rate during contact. When a particle approaches an
evaporating droplet, it is probably in contact only for a very short period, during which
there is rapid heat transfer, and after which it is pushed away by the vapor generated at
the droplet surface. Based on analysis of the interactions between droplets with gas-solids
mixture in Chapter 4, the averaged heat and momentum exchange for a droplet with a
gas-solids mixture may be estimated by Equations (4.15) and (4.17), which are used in
Equation (5.10) and Equation (5.14), respectively.
However, in the numerical simulation of gas-solids flow, the momentum balance
and energy balance are established, respectively, for the gas phase and solids phase.
Then we need to know the amount of drag force exerted on the droplet from gas and
collision contribution from droplet-particle interaction. For the gas phase, the drag force
exerted on the droplets should be corrected by the gas fraction in the flow:

where Ca) is standard drag coefficient. This equation assumes the particle is fine enough
to follow the gas flow. The correction reflects the particle volume contribution in the drag
force.
The heat transferred to the droplet by the gas phase can be calculated as
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where a g is the gas phase volume fraction in the gas-solids mixture around the droplet.
The correction for the heat transfer coefficient accounts for the deduction of the
convective heat transfer by the space occupied by particle in the shell around a droplet.
From Equation (5.15) and Equation (5.16), we can determine the momentum and
energy transfer between a droplet and the gas phase. While from Equation (4.15) and
Equation (4.17), the drag force and heat transfer between a droplet and the gas/solids
mixture can be calculated. Then, we can determine the sources in the solids phase
simulation.

5.5 Initial and Boundary Conditions
A schematic diagram of the concentric evaporating jet in a gas-solids pipe flow is shown
in Figure 4.1, where the inlet flow could be separated into the jet region and ambient gassolids flow region. In the jet flow, the fluid is the droplet-vapor mixture with low
temperature, while the ambient gas-solids flow has a higher temperature as the
environment with uniform solids concentration. However, numerical simulation is
performed by the iterations between the Eulerian approach for the gas/solids phase and
the Lagrangian approach for the droplet phase, in which the suspension flow is given by
the gas-solids simulation. The initial conditions only need to be declared for the gassolids simulation, while the boundary conditions should be given for both gas-solids flow
and droplet phase calculation.
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5.5.1 Initial Conditions
The initial values of all field variables for the gas and solids phase must be specified for
the entire computational domain, including gas volume fraction; gas pressure;
temperature for both gas and solids; velocity for both gas and solids; and species mass
fraction for nitrogen and oxygen. The initial conditions need to be accurate enough to
allow convergence. The initial conditions can also be given by a pre-calculated numerical
simulation result. For example, the initial velocity distribution is given by a calculation
with a specified inlet velocity. For the droplet trajectory calculation, the suspension gassolids flow is given by the two-fluid Eulerian approach. No initial conditions are
required, and the computational domain is also given by the gas-solids suspension flow.

5.5.2 Inlet Boundary Conditions
An inflow boundary condition should be specified at the inlet position, where all the field
variables need to be specified. In this study, the inflow includes the inlet jet flow and
concurrent gas-solids flow, which are specified in the jet region and inlet gas-ambient
flow region, respectively. The gas and solids phase inflow conditions are given in the
gas-solids flow simulation section, while the droplet inflow conditions are given in the
droplet trajectory starting positions.
The inflow boundary conditions for gas-solids in the jet region are given by
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where Vgj and T gj are the initial jet velocity and the temperature of vapor in the vapordroplet mixture, respectively. In this study, the initial gas jet velocity is assumed to have
the same velocity as the droplets, which is calibrated by the LDV method. The initial
vapor may have the same temperature as the droplet saturation temperature at standard air
pressure. However, near the nozzle region, the entrainment and fluctuation is very
severe. In this study, we specified a vapor temperature of 150 K, which is higher than the
droplet temperature. Since the initial solids volume fraction is zero in the jet region, the
solids velocity and solids temperature are not required. The only component in the gas
phase in the jet flow is nitrogen, a unit species mass fraction is given as the initial jet
condition.
The inflow boundary conditions for the gas-solids phase in the jet ambient flow
are given by

where both velocity and temperature of gas and solids phase should be given since the
initial gas volume fraction is not unity. Also, the initial nitrogen species mass fraction is
given as 0.7.
As discussed before, the evaporating spray is treated using the Lagrangian
trajectory approach, in which the droplets consist of a finite number of trajectory groups.
Each droplet initially starts out with a known position, velocity, size and temperature,
which are dependent on the spray jet system characteristics. So, the inflow conditions for
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the droplet trajectory calculation include the distribution of droplet size, velocity, and
number density. In this study, a uniform droplet and uniform number density distribution
is given in the nozzle region.

5.5.3 Outlet Boundary Conditions
In this study, the pressure at the outflow boundary is assumed to be constant. In the gassolids flow simulation, it is given as

5.6 Numerical Solution Procedure
In this study, the gas-solids suspension flow was simulated using the Eulerian two-fluid
model. The source terms appearing in the mass, momentum, and energy equations
represent the interactions between droplets and the gas/solids phase. In all the
calculations performed within the droplet evaporation and trajectory model, the
distributions of velocity, temperature, and concentration of gas and solids are given as a
function of the spatial position at an instance of time. This snapshot of the continuum
fields is obtained from the gas-solids flow simulation and is fixed during the calculation
of droplet trajectories. The overall source terms for the gas-solids simulation are
accumulated, which include the vapor mass, drag force on gas and solids phase, and heat
transfer from the gas and solids phase. The average droplet temperature in each control
volume is also needed to estimate the source term for the gas phase energy equation due
to droplet evaporation.
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Figure 5.1 Flow chart of the numerical simulation procedure.
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The solution procedure for the evaporating spray jet in gas-solids flows was
performed by the Multiphase Flow with Interphase eXchange (MFIX) code and droplet
evaporation mode code, which was self-developed with Argonne National Laboratory.
The flow chart of the solution procedure is shown as Figure 5.1, where the droplet
trajectory model is called with a time interval defined by the user. At the beginning of
each time step, all the explicit quantities are calculated. Then the difference equations are
solved sequentially within the iteration loops. The cells are visited one at a time starting
from the
cell with the lowest index and going to the cell with largest index. Convergence is said to
occur when all the discretized equations are satisfied simultaneously in all the cells
without having to make adjustments in any of the cells.
The solution starts with a guessed pressure field. Initially the gas continuity
equation is checked to see if it is satisfied. If not, the pressure is adjusted using Newton's
method. If the energy or the species balance equations need to be solved, they are solved
for temperature and species mass fractions. The fluid density is updated. The coupled
fluid and solids momentum equations are solved for the velocity components. The solids
continuity equations are then solved for the solids volume fraction. The gas volume
fraction is then calculated by subtracting the solids volume fraction from one.
The above steps complete one pass of the inner iteration for a cell. The inner
iterations are continued until the fluid continuity equation is satisfied or the number of
inner iterations exceeds a specified limit, which is defined as five.
The inner iterations are continued for all the numerical cells to complete one pass
of the outer iteration. The outer iterations are continued until the solution reaches the
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point at which no further inner iterations are needed, which implies that the existing
solution satisfies all the discretized equations simultaneously in all cells. When such a
convergence is obtained or when the number of outer iterations exceeds a specified limit,
which is defined as 50 in this solution, the calculations proceed to the next time step. If
the time interval for the droplet trajectory calculations is reached, the droplet evaporation
model will be called, which provides the updated source items representing the
interactions between droplets and the gas/solids phase.

5.6.1 Initial Gas Solids Flow Field
-

To achieve a convergent multi-phase flow solution with strong interphase exchange, a
good initial gas-solids flow is the first step toward success. In this study, the initial gassolids flow field represents the initial field without the droplet evaporation source terms,
while the complex inlet boundary conditions are incorporated near the nozzle region,
such as velocity difference, temperature difference, and solids concentration difference
between the flow in the nozzle and the ambient gas-solids flow. The typical inlet
conditions in the nozzle include a velocity of 30 m/s, temperature of 150K, solids
concentration of 0 (solids free). However, the ambient gas-solids inlet flow has a velocity
of 3 m/s, environmental temperature of 300K, and a concentration of 0.5%. Combining
all these factors often results in divergence of the solution.
In this study, the procedure was separated into many sub-steps. For example, we
tried to achieve the gas-solids field with uniform inlet conditions as the first step. This
solution represents the flow field with the effect of the other boundary conditions, for
example the boundary of the wall. In the next step, we increased the flow velocity in the
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nozzle region. The obvious velocity difference between the flow in the nozzle region and
the ambient flow quickly changes the distribution of the flow field velocity and
concentration. This solution represents a typical two-phase jet flow with the same
temperature. Because of the low temperature of liquid nitrogen in the spray jet, the
temperature of the vapor is very low compared with that of the ambient flow. Based on
same temperature two-phase jet flow, we reduced the temperature of jet, resulting in a
solution for a two-phase jet with temperature difference. Finally, the solids concentration
condition is released, which represent a low-temperature gas jet inserted into a hightemperature gas-solids media. Some typical results illustrate the effect of solids
concentration, jet velocity and temperature on the phase mixing, which will be discussed
in Chapter 6.
By the end of the initial gas-solids field simulation, the data file, with a full
description of phase distributions of velocity, temperature, and concentration will be
outputted for the droplet trajectory calculation.

5.6.2 Droplet Trajectories in Gas Solids Suspension Flows
-

As discussed in Section 5.2, the evaporating spray is treated using the Lagrangian
trajectory approach, in which the droplets consist of a finite number of trajectory groups.
Each droplet starts out with a known position, velocity, size, and temperature, which are
dependent on the spray jet system characteristics. The overall droplet position and
velocity are updated over the time step, depending on the interactions between the droplet
and local gas-solids flow, which is given by the gas-solids flow simulation. The solution
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flow chart of the trajectory model is shown as Figure 5.2. The detailed procedure is
described in the following.

Figure 5.2 Flow chart of droplet trajectory calculations.
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The solution starts from a given droplet location, size, and velocity. Based on this
location in the calculation domain, the local values in velocity, temperature, and volume
fraction of gas and solids can be interpolated. Each integration step along the trajectory
starts with an update of thermodynamic and transportation properties of the gas and
liquid phases. Then the Nusselt number for heat transfer and drag force coefficient are
calculated, taking into consideration the local concentration of the solid particles. The
integration time step is estimated from the droplet velocity and grid dimension. A
minimum of 10 points is required within one mesh distance. From Eq. (5.11) the new
droplet location can be determined from the local droplet velocity and the time step. The
droplet velocity, droplet size, and droplet temperature are updated from the droplet mass,
momentum, and energy conservation equations. This time integration is continued until
the droplet is totally evaporated. In this calculation, this criterion is established as a
droplet diameter of less than 5 μm. The entire droplet trajectory calculation is then
repeated for a range of different droplet initial conditions representing the nozzle
characteristics.
The droplet trajectory model must calculate the source terms for use in the
continuum phase calculations. These calculations establish the interactions between
droplets and gas and solids phase, respectively, which include the droplet evaporation
rate, momentum, and heat transfer. These source terms are volume averaged for the
cumulative results over all the trajectory calculations. The updated gas-solids flow fields
are used in the next iteration over the droplet trajectory calculations. For reasonable
computational speed, the calculation of trajectories cannot be done at every time step
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within the gas-solids flow code. Usually, the trajectories are updated every four to eight
time intervals depending on the simulation domain and the complexity of the flow field.

5.6.3 Gas Solids Flow Field with Source Terms
-

The gas-solids flow field with droplet evaporation is further simulated, incorporating the
source terms from the droplet trajectory calculations. The typical effects of droplet
evaporation include the dilution of solids concentration, reduction of phase temperature,
and change of the phase velocity. Many factors will affect the gas-solids flow field,
which depends on the spray jet mass flow rate and droplet evaporation rate. These strong
interactions sometimes even affect the calculation convergence, due to the huge amount
of vapor generation. As a better solution, the computation is initially performed with a
low liquid mass flow rate to avoid the divergence, then with a higher liquid flow rate.
By repeating this procedure, the convergent solutions of gas-solids-droplet flow
can be achieved. The interactions among the phases are also realized, which provides an
explanation of some of the experimental phenomena and a better understanding of the
mixing process of evaporating spray jet in gas-solids flows.

CHAPTER 6
RESULTS AND DISCUSSION

6.1 Experimental Measurement and Analytical Modeling Interpretation
Both analytical and experimental investigations have been performed on hydrodynamic
behaviors of axisymmetric concurrent spray jets of liquid nitrogen injected into fully
developed gas-solids pipe flows. The experimental measurements are used not only to
illustrate the effects of hydrodynamic interaction of the three phases but also to validate
our proposed analytical models. The analytical models were developed to understand the
hydrodynamic mixing dominated by the comprehensive phase interactions, to provide
physical mechanisms for the interpretation of our experimental measurements, and to
offer a convenient tool for parametric analysis. Typical comparisons and discussions are
based on two groups of studies, namely, (1) jet mixing with a fixed spray rate but variable
inlet gas velocities in the absence of solids, and (2) jet mixing with a fixed inlet gas
velocity but variable solids volumetric loading at a fixed spray rate or at a fixed spray-tosolids mass ratio. Temperature measurements along the spray axis are used to
characterize the spray mixing and to validate the proposed analytical model.

6.1.1 Effect of Inlet Gas Velocity on Jet Mixing without Solids
In this section, effect of gas velocity on jet mixing in the absence of solids will be
described. The inlet gas velocity varies from 3.2 m/s to 5.6 m/s, while the spray is fixed
with a jet inlet velocity of 30 m/s, an averaged droplet of 120 μm, and a mass flow of 2.7
g/s. Typical temperature profiles of the spray mixture in the particle-free pipe flows are
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given in Figure 6.1, which illustrates some unique features of the distribution, such as
temperature jump and maximum temperature. Interpretations of these characteristic
features are discussed below.
A temperature jump could be clearly identified for all cases of our study, both
from measurements and modeling predictions. As shown in Figure 6.1, the measured
temperature or the averaged temperature of phase mixture before the jump is nearly the
same as the temperature of liquid nitrogen. This phenomenon indicates that the droplet
concentration is relatively high before the jump position so that a continuous liquid
collision on the thermocouple is ensured. Hence, the length of this constant temperature
region before the jump can be used to characterize a densely populated spray core region.
There is a noticeable difference in the jump position between the measurements and the
modeling results. This is due to the simplification of center-to-center head-on collision
used in the modeling assumption, which leads to a somewhat over-estimation of the
collision time. Both measurements and modeling results also indicate that the jump
position is insensitive to variation in the inlet gas velocity within our investigation range,
as shown in Figure 6.1.
Contrary to the intuitive guess of the monotonic increase in temperature profile in
the spray region, both measurements and modeling results actually show in Figure 6.1
that peak values exist in those axial temperature profiles at low gas velocities. This
phenomenon might be interpreted using the gas temperature profiles shown in Figure 6.2,
which are predicted from the analytical modeling. It is noted that the temperature in the
ambient gas flow is monotonically decreasing due to the heat absorption from droplet
evaporation and limited heat capacity in the bounded pipe flow. The axially reduced gas
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temperature, along with the reduced mass entrainment, leads to a reduced heat
entrainment along the axis. In the spray region, however, the gas phase is initially preevaporated vapor at a temperature close to the liquid temperature. Hence, the initial
droplet evaporation rate is low due to the small temperature difference and low heat
transfer between the gas and droplets. The rapidly engulfed thermal energy provided by
the jet entrainment and turbulent transfer is much more than the energy consumed by the
droplet evaporations, which results in a rapid increase in the gas phase temperature. The
increased gas temperature, however, enhances the droplet evaporation, which leads to an
adverse effect on the increase of gas temperature. A maximum temperature results when
the heat provided by the jet entrainment and turbulent transfer just matches that needed
for droplet evaporation. Further downstream, the heat transfer from the ambient flow to
the spray region is decreased, which approaches a thermal equilibrium for the mixture in
the spray region. At a high gas velocity, the strong heat convection from the inlet could
provide sufficient heat so that no obvious maximum temperature occurs until the final
equilibrium. However, a higher ambient gas velocity causes a reduced velocity
difference between the spray jet and ambient flow and hence a reduced entrainment of
ambient gas and solids. As a result, the temperature in the spray region may not increase
as fast as that at a lower ambient gas velocity, as indicated from the measurements in
Figure 6.1. The insufficient modeling description of this temperature lowering effect at
high ambient gas velocities indicates that the heat transfer contribution from turbulent
fluctuation may be over-estimated for cases of high ambient gas velocity.
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Figure 6.1 Effect of inlet gas velocity on temperature measurement (a sa0 =0.0).

Figure 6.2 Gas temperature distribution in spray and ambient regions

(asa0

=0.0).
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6.1.2 Effect of Solids Volumetric Loading on Jet Mixing Characteristics
The effects of solids volumetric loading on spray jet mixing were also investigated, and
the presence of solids in an ambient flow were found to shorten the spray penetration
length. Two groups of experimental studies were performed and compared with the
modeling predictions under the same conditions, one was with a fixed gas velocity of 4.0
m/s and the other was at a fixed spray-to-solids mass flow ratio of 0.3. In both cases, the
liquid nitrogen spray jet was operated under the same conditions was mentioned.
Typical effects of solids volumetric loading on mixture temperature profiles of the
spray in gas-solids pipe flows are illustrated in Figure 6.3(a) for a fixed gas velocity and
in Figure 6.3(b) for a fixed solid mass flow rate. A strong drifting effect in the
temperature jump position is revealed in both figures as the solids volumetric loading
changes. As explained in Section 4.5, the location of the temperature jump is governed by
two characteristic time scales in droplet-thermocouple collisions, i.e, the droplet collision
time (τc ) and time interval between two consecutive droplet collisions (τdd). The axial
distributions of both time scales under the conditions of our investigation are given in
Figure 6.4, where the junction of the two time scales marks the location of the
temperature jump. The increase of solids volumetric loading in the ambient flow
enhances the engulfed thermal transfer for droplet evaporation, which not only quickly
reduces the droplet size but also dilutes the droplet concentration. Consequently the time
interval between two consecutive droplet collisions (τdd) is prolonged, while, due to the
droplet size reduction, the droplet-thermocouple collision time (τ c ) is shortened. As
shown in Figure 6.4, as the solids volumetric loading increases, the increase of

τdd and

the

decrease of 'c c yields a shortening of the spray core penetration length. The ratio of spray
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core penetration length to that of the particle-free case (or nearly particle-free case for a
fixed spray-to-solids mass flow ratio) is further plotted in Figure 6.5, which clearly shows
that the higher the solids volumetric loading, the shorter the spray core penetration.

(a) Fixed inlet gas velocity (v ga0=4.0m/s).

(b) Fixed solids mass flow rate (m s=10.1g/s).
Figure 6.3 Comparison between experimental measurements and analytical results.
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(a) Fixed inlet gas velocity (v ga0=4.0 m/s).

(b) Fixed solids mass flow rate (mj=10.0g/s).
Figure 6.4 Effect of solids volumetric loading on core region length.
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A change in solids volumetric loading in the ambient flow strongly affects not
only the overall thermal capacity of the gas-solids mixture but also the heat convection
from upstream. In Figure 6.3, as opposed to the temperature distribution of a particle-free
flow where a maximum peak occurs, the axial temperature profiles appear to be
monotonically and asymptotically increased even with a very dilute loading of solids.
Naturally, the higher the solids volumetric loading, the higher the final equilibrium
temperature.

Figure 6.5 Effect of solids volumetric loading on spray core penetration length.
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6.1.3 General Hydrodynamic Characteristics
Many unique hydrodynamic features of evaporating spray jets in gas-solids flow are
difficult to investigate experimentally and hence have to be understood from mechanistic
modeling. Most of these features are spray evaporation induced, such as jet boundary
expansion, solids concentration dilution, temperature reduction, and gas velocity
acceleration. The following is a discussion of some general hydrodynamic characteristics
that are purely based on our analytical model predictions.
Typical gas temperature distributions in the spray and ambient flow regions are
given in Figure 6.6, which shows that the gas in the ambient flow is cooled by the spray
evaporation while the gas in the core region is heated up due to the strong entrainment
and turbulent heat transfer. Figure 6.6(a) shows the effect of solids loading and Figure
6.6(b) illustrates the effect of spray jet mass flow. A comparison between Figure 6.6(a)
and Figure 6.2 reveals very similar temperature profiles between the effect of solids
loading in gas-solids flows and the effect of gas velocity in particle-free flows under the
same spray conditions. This similarity indicates a dominant role of thermal convection
on the axial temperature distribution.
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(a) Effect of solids loading (v ga0=4.0 m/s, M=2.7 g/s).

(b) Effect of jet mass flow rate (v ga0=4.0 m/s,αs a0=0.5%).
Figure 6.6 Typical gas temperature distribution.
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Typical gas velocity distribution in the ambient region and the droplet velocity
distribution in the spray region are illustrated in Figure 6.7, with Figure 6.7(a) showing
the effect of solids loading and Figure 6.7(b) showing the effect of spray jet mass flow.
Both figures show the gas acceleration in the ambient region, which is mainly due to the
evaporation-induced jet boundary expansion as shown in Figure 6.8. Under the flow
conditions in Figure 6.8, the final jet boundary expansion or spray region varies from
10% to nearly 50% of the entire pipe cross section. The higher the jet boundary
expansion, the more squeezing effect on the ambient gas and hence higher gas
acceleration. As indicated in Figure 6.7(a), with a low solids loading, there may exist a
slow-down section of the ambient gas, which may be caused by dramatic volumetric
contraction from the rapid temperature reduction as shown in Figure 6.6(a). As can be
expected, droplet velocities are first exponentially reduced and then slightly accelerated
by the gas entrainment and the evaporation-induced gas velocity increase in the spray
region. The final balanced phase velocities are reached upon the completion of droplet
evaporation and turbulent mixing. Figure 6.7(a) also shows that the higher the ambient
solids loading, the shorter the spray penetration.
Figure 6.9 illustrates the typical distribution of the solids volumetric fraction in the
spray region. As shown in Figure 6.9, due to the strong solids entrainment, there is a
rapid increase in solids concentration near the jet nozzle region. However, the solids
concentration is then quickly diluted along the axis due to the excessive vapor generation
from droplet evaporation. While the effect of solids loading is strong, as shown in Figure
6.9(a), the effect of spray jet mass flow is fairly weak, as illustrated in Figure 6.9(b).
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(a) Effect of volumetric solids loading (v ga0=4.0 m/s, M=2.7 g/s).

(b) Effect of jet mass flow rate (v ga0=4.0 m/s, α sa0=0.5%).

Figure 6.7 Typical phase velocity distribution.

92

(a) Effect of solids volumetric loading (v ga0=4.0 m/s, m=2.7 g/s).

(b) Effect of jet mass flow rate (v ga0=4.0 m/s, α sa0=0.5%).
Figure 6.8 Spray jet boundary expansion.
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(a) Effect of solids volumetric loading (vga0=4.0 m/s, m=2.7 g/s)

(b) Effect of jet mass flow rate (v ga0=4.0 m/s, α sa0=0.5%).

Figure 6.9 Typical solids volumetric distribution in spray region.
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6.2 Numerical Simulation and Interpretation
An example of numerical simulation will be presented here to illustrate the phase mixing
process of a concurrent spray jet of liquid nitrogen in a dilute gas-solids pipe flow. The
inlet boundary conditions for the calculations are listed in Table 6.1, where the ambient
gas-solids pipe flow is at 300 K and 2.4 m/s with 1% solids volume fraction. It is further
assumed that there is no slip between gas and solids in the ambient inlet flow and vapordroplet in the jet flow. Since the droplet phase is calculated using the Lagrangian
approach, the volume occupied by droplets is not counted in the jet inlet conditions of the
volume fraction in the gas-solids flow simulation.

Table 6.1 Inlet Boundary Conditions
Variable

Ambient

Vapor-Droplet Jet

Gas-Solids

Gas

Solids

Gas

Solids

Droplet

Velocity (m/s)

2.42

2.42

30.0

30.0

30.0

Temperature (K)

300.0
0.99

300.0
0.01

200.0

200.0

77.2

1.0

0.0

Volume Fraction

The concurrent liquid nitrogen spray is introduced into the gas-solids flow
through a straight nozzle located along the centerline of the pipe. The effect of the nozzle
wall and the nozzle geometry are also considered. The nozzle opening is set at 4 mm in
diameter with a small divergence angle of 2° in the simulation. The medium initial
droplet diameter is 120 μM and the mass flow rate of nitrogen spray is about 2.0 g/s. Due
to the flow symmetry in concurrent pipe flows, only the flow in the median plane needs
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to be simulated. For the convenience of experimental comparison, the computational
domain is selected to be 1.0 m by 0.025 m with a uniform grid distribution of 400 x 25.
In order to illustrate the effects of droplet evaporation on the phase mixing and jet
structure, the jet without droplets is also simulated under the same gas-solids inlet
conditions. The comparisons between them should provide detailed information
regarding the contributions of droplets and droplet evaporation in the jet mixing. Effects
of droplet evaporation on dilution of solids concentration, reduction of phase temperature
and change of phase velocities will be discussed in this section. In addition, the spray
evaporation and structure will also be illustrated.

6.2.1 Dilution Effect of Droplet Evaporation
The rapid evaporation of liquid spray in a gas-solids flow has a significant impact on the
flow and temperature field of the gas-solids mixture, especially in the evaporation region.
Quick droplet evaporation results in an excessive vapor production that is mixed into the
surrounding gas stream, which not only changes the local velocities of gas and solids but
also produces a dilution of solids concentration as well as a gas/solids phase temperature
reduction. Figure 6.10 illustrates the effect of droplet evaporation on solids dilution,
where the solids volume fraction is basically what remains besides the gas in the gassolids mixture excluding droplets. In Figure 6.10, the solids volume fraction in the jet
ambient flow has a nearly uniform distribution of 1%. In the jet region, almost no solids
exist due to jet expansion and droplet evaporation. One interesting thing indicated by
Figure 6.10 is that, due to the jet boundary expansion near the nozzle region, the solids
will accumulate near the jet boundary up to 2%, both in the jet without droplets and with
2.0 g/s droplets. This solids buildup near the boundary may be caused by the push-off
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effect of solids from the jet region. Figure 6.10 also indicates that the jet without droplets
has a much lower ability to expand; it loses its expansion trend near a distance of 50
times of its nozzle diameter. This phenomenon seems reasonable in light of the work by
Abramovic, (1963). Compared with the jet without droplets, the jet with 2.0 Ws droplets
maintains the trend to expand in the calculation domain, due to the huge vapor generated
by droplet evaporation. It reaches its maximum spray jet width at a distance of 0.8 m
from the nozzle, where the droplets are completely evaporated.

(a) Without droplets

Figure 6.10 Gas volume fraction distribution.

(b) With droplets
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(a) Without droplets

(b) With droplets

Figure 6.11 Nitrogen species mass fraction in air-nitrogen mixture.

The droplet evaporation also changes the gaseous concentration distributions in
the mixture, as shown in Figure 6.11, which in turn governs the diffusive rate of droplet
evaporation. The vapor concentration distribution is also critical to the determination of
chemical reactions in fluidized bed reactors. Figure 6.11(a) shows the concentration
distribution of nitrogen in the air-vapor mixture for a jet without droplets. It indicates that
species concentration has the same trend with the gas volume fraction in the jet expansion
section, as shown in Figure 6.10(a). In the ambient flow, the nitrogen concentration has a
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uniform distribution of 70% in the air-vapor mixture, whereas in the jet region the
nitrogen has a nearly uniform concentration distribution of 100%. Compared with the jet
without droplets, the spray jet of 2 g/s has an obvious widened region with high nitrogen
concentration in the air-vapor mixture caused by the nitrogen vapor generated by nitrogen
droplet evaporation. This vapor is also pushed off with the spray boundary. After the
droplets are fully evaporated, the nitrogen concentration will be reduced due to the gas
convection.

6.2.2 Effect of Droplet Evaporation on Phase Temperature Reduction
Droplet evaporation in a gas-solids flow also leads to a temperature reduction of the gas
and solids due to the absorption of latent heat from the surrounding gas-solids media.
The mixing effect of gas-solids at higher temperature and the evaporated nitrogen vapor
at lower temperature also contributes to the temperature reduction. Figure 6.12 and
Figure 6.13 illustrate the temperature reduction effect of droplet evaporation on gas and
solids. Compared with the jet without droplets, Figure 6.12(b) indicates the lowest
temperature of gas in the spray region of the jet with 2.0 g/s droplets is 150 K, which is
50 K lower than the lowest gas temperature found in the spray region of jet without
droplets, shown by Figure 6.12(a). This lower temperature is caused by droplet
evaporation.
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(a) Without droplets

(b) With droplets

Figure 6.12 Gas temperature distribution (K).

Figure 6.13 shows the temperature distribution in the flow with and without
droplets in the jet. The difference between the lowest solids temperature in the flow
region for the two cases indicates the effect of droplet evaporation. In this example, the
minimum temperature of the solids is about 250 K for the jet without droplets, whereas it
is only 200 K for the jet with droplets. In other words, a temperature reduction of 50 K in

100
the solids phase results from droplet evaporation. Compared with Figure (6.12), the solids
have a much higher temperature than the gas. This is due to the solids having a much
higher thermal capacity and lower heat conductivity than the gas.

(a) Without droplets

(b) With droplets

Figure 6.13 Solids temperature distribution (K).
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6.2.3 Effect of Droplet Evaporation on Phase Velocities
Droplet evaporation provides excessive vapor into the gas-solids stream, leading to
changes in the velocity of both gas and solids. Figure 6.14 shows the gas velocity
distribution with droplet evaporation in the spray. The axial gas velocities are
significantly changed by droplet evaporation.

(a) Without droplets.

(b) With droplets.

Figure 6.14 Gas axial velocity distribution (m/s).
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Figure 6.14(a) indicates that the jet velocity is quickly reduced due to the jet
boundary expansion, and jet entrainment of gas and solids. The gas velocity for the jet
without droplets decreases from 30 m/s to 10 m/s within 0.12 m from the nozzle exit.
However, the spray jet of 2 g/s has a much higher mixture density, even with only 1%
volumetric droplets loading. Thus, adding droplets in the jet will increase the jet
penetration capability. Figure 6.14(b) illustrates the gas phase velocity in the flow region
with a vapor-droplets jet. It indicates that the velocity of gas phase changes from 30 m/s
to 10 m/s over a longer distance of 0.8 m, partially due to the droplet evaporation in the
spray jet region.
Figure 6.15 further illustrates the phase velocity decrease, due to the jet boundary
expansion. As shown in Figure 6.15, the axial gas velocity profiles along the axis are
smoothened down with the jet developing. In the jet region, the gas velocity is decreased
by the interactions between the jet and the ambient flow, whereas the ambient flow is
accelerated. Under the effect of the wall boundary, the gas velocity appears to fit into an
exponential distribution. For the jet with droplets and droplet evaporation, the decrease in
jet velocity is much slower than that without droplets as shown in Figure 6.16. For
example, the gas velocity changed from 30 m/s to 20 m/s, and the distance is about 0.13
m in the case with droplets, while it is 0.06 m for the jet without droplets. The vapor jet
merges into the ambient gas-solids flow with an axial distance of 0.2 m, while the vapordroplet jet has a merging distance of about 0.8 m.
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(a) Without droplets.

(b) With droplets.

Figure 6.15 Axial velocity profiles along the axis.
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Figure 6.16 Gas velocity along the axis.

Figure 6.17 shows the velocity profiles along the axis using the dimensionless
scale, where the jet boundary was determined by the gas velocity profile as shown in
Figure 6.15. It revealed that the dimensionless velocity distributions are not only similar
but also match the Schlichting formula or "the Law of 3/2" of single-phase jets. Within
the range of this study, it appears that the similarity model for one phase jet may be
extended into the three-phase jets with strong droplet evaporation.
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(a) Without droplets

(b) With droplets
Figure 6.17 Similarity velocity profile of the multi-phase jet.
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6.2.4 Jet Structure with Droplet Evaporation
The above discussion illustrates that droplet evaporation in a gas-solids flow can strongly
affect the hydrodynamic behavior of both gas and solids. The significance of this effect
however depends on the droplet evaporation rate that is in turn affected by the solids
loading in the gas-solids flow. Figure 6.18 shows the droplet size distribution in the spray
region, which defines the evaporation region. From the definition of the spray
evaporation length, in this example, the maximum droplet penetration length is about
0.8 m.

Figure 6.18 Droplet size (m).

Figure 6.19 Evaporation rate (kg/m3s).
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The droplet size distribution depends on droplet evaporation, which is shown in
Figure 6.19. As expected, the maximum evaporation rate occurs at the edge of the spray
due to the vapor mixing and droplet-solids collision. The maximum droplet evaporation
rate occurs at the spray inlet region where the temperature difference between the gassolids flow and droplets reaches its maximum value. The maximum evaporation rate is
about 300 kg/(m 3 s) in the flow with 1% solids in the ambient flow.
The spray evaporation region also depends on the droplet velocities in axial and
radial directions, as shown in Equation (5.11). With the same droplet size and droplet
evaporation rate, droplet could penetrate deeper when the droplets have a higher velocity.
Figure 6.20 shows the droplet axial velocity distribution. In this example, droplet has a
maximum axial velocity in the inlet region of 30 m/s. With the interactions between
droplets with gas and solids, droplet velocity is reduced towards the local velocities of the
ambient gas-solid flow. The smaller of the droplet size, the closer the droplet to follow
the flow of gas. As shown in Figure 6.20 that droplets gain the radial velocity duo to the
droplet evaporation, which means that droplet evaporation will push droplet out of the
spray region. The maximum droplet axial velocity happens near the boundary of spray
region, where the droplet evaporation rate is the highest as shown in Figure 6.19. In this
example, the maximum droplet axial velocity is 0.7 m/s near the nozzle region.
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(a) Axial velocity.
Figure 6.20 Droplet velocity distribution (m/s).

(b) Radial velocity.
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6.3 Parametric Studies on Jet Evaporation Length
Spray jet penetration characteristics are important to many industrial applications,
especially for the reaction controlled by mixing between vapor and catalytic particles. As
discussed in Section 4.5, the length of the spray core region can be determined by the
intersection of the droplet collision time and the time interval between two consecutive
droplet collisions. The spray penetration depth, however, is determined by the axial
location where the last droplet diminishes.
In this part, a discussion will be given on the parametric effects of ambient inlet
solids concentration, inlet ambient flow velocity, jet mass flow rate, and jet initial droplet
size distribution on the jet evaporation length. Typical results of spray penetration length,
including core evaporation length and spray penetration depth, are investigated by a
combined effort of experimental measurements, analytical modeling, and numerical
simulations. Since many unique hydrodynamic features of evaporating spray jets in gassolids flow are difficult to investigate experimentally, they may be revealed from
mechanistic modeling and numerical simulations. In order to evaluate the actual dropletsolids mixing region (spray evaporation length), the investigation of the ratio between
core evaporation length and spray penetration depth is important. Based on the core
evaporation length determined by the thermocouple temperature profile measurement, we
can multiply the core evaporation length by the ratio to achieve the whole evaporation
length.
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6.3.1 Spray Evaporation Length
A typical effect of solids loading on spray evaporation length is illustrated in Figure 6.21
and Figure 6.22. Both experimental and numerical results illustrate that the spray
evaporation length is significantly shortened while the spray dispersion is expanded by
the addition of solids into the pipe flow. Figure 6.21 provides the direct visualization of
the spray contour, whereas Figure 6.22 gives extended information beyond the
experimental visualization, such as quantified spray trajectory and spray penetration
depth. The simulation conditions for Figure 6.22(b) are listed in Table 6.2.

(a) Without solids.

(b) With solids.

Figure 6.21 Spray domain by laser-assisted visualization.
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Table 6.2 Simulation Conditions for Evaporation Spray in Gas-Solids Flows.
Spray Jet

M.J

Inlet Conditions
Ambient Flow

2.7 g/s

Vj
30 m/s

Vg0

TO

Vs0

Inlet Conditions

4.0 m/s

300K

4.0 m/s

(a) Without solids.

Dd0

120μm

αd0

21.9%
αs0

0.5%

(b) With 0.5 % solids loading.

Figure 6.22 Spray domain as determined by calculation.
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The parametric effect of solids volumetric concentration on the jet penetration
length is shown in Figure 6.23(a), which clearly shows that the jet penetration length
significantly decreases with an increase in the solids volumetric concentration. This
shortening is due to the much enhanced heat transfer by the droplets-solids collisions and
much larger drag force between the droplets and the gas-solids mixture. This effect can
also be illustrated in the gas volume fraction and velocity distributions, which are similar
to the distributions shown in Figures 6.10 to 6.14. It is noted that while the droplets-solids
collisions appear to be the dominating effect on droplet evaporation, the presence of
solids in the gas stream also has a significant impact on the heat transfer between the gas
and the droplets. This is due to the turbulence modulation and the gas temperature change
by the gas-solids heat transfer. In the example of Figure 6.23(a), the jet penetration depth
is shortened by up to 48%, from both numerical simulations and analytical modeling
predictions, compared with that in particle-free flows. The difference between the two
modeling predictions is due to the simplification of analytical modeling into 1-D
calculation, which averaged the evaporation depth over all droplets. At the same time, the
numerical simulation may underestimate the effect of turbulent heat transfer and
turbulent mass transfer between the evaporation region and ambient flows.
In industrial applications, many other parameters, such as jet initial mass flow rate
and initial droplet size, will also strongly affect jet penetration length. Their parametric
effects are respectively shown in Figure 6.23 (b) and (c). In order to minimize the
systematic errors from our modeling approaches, the relative penetration length (i.e., the
ratio of penetration length to the referenced one) is used in modeling predictions and
numerical simulations. The reference penetration length is calculated under the
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conditions listed in Table 6.2. Different from the effect of solids loading, the parametric
effects of initial droplet size and jet mass flow rate on spray penetration length appear to
be linear relationships within the range of our investigation. An increase in the initial
droplet size or jet mass flow rate leads to a similar effect on droplet evaporation, that is, a
reduction in droplet evaporation by decreased heat transfer between the droplet and gassolids ambient flow. For example, increasing the initial droplet size will reduce the
specific surface area, thus reducing the heat transfer rate. Increasing the jet mass flow rate
will decrease the vapor temperature around the droplet, as shown in Figure 6.6(b), which
will reduce the droplet evaporation. As shown in Figure 6.23(b), the change in initial
droplet size from 60 p,m to 200 μm results in an increase in spray penetration length by
260%. Figure 6.23(c) indicates that the change in penetration length is about 100% when
the jet mass flow rate changes from 1.0 g/s to 6.0 g/s.

Figure 6.23 Parametric study on spray penetration length (a) Effect of solids loading.
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(b) Effect of initial droplet size.

(c) Effect of jet mass flow rate.
Figure 6.23 Parametric study on spray penetration length (b) and (c).
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6.3.2 Core Evaporation Length
As discussed in Section 3.4, the core evaporation length of spray could be detected by the
thermocouple temperature measurement. In this study, we investigated the parametric
effect of solids loading, initial droplet evaporation length, and jet mass flow rate on the
core evaporation. The parametric study results are shown in Figure 6.24. Similar to the
parametric effect on penetration length, the parametric effect of solids loading on the core
evaporation length is significant. As shown in Figure 6.24(a), the core spray evaporation
region of spray jet in a 1% solids volumetric loading flow is shortened by up to 70%,
compared with that in particle-free flows. The contributions of solids loading on the core
evaporation shortening include the effects not only on the spray evaporation rate but also
on the phase-averaged temperature measurement by the solids entrained into the
evaporation region. The experimental measurement on the spray evaporation length
shows good agreement with the analytical modeling, as shown in Figure 6.24(a).

Figure 6.24 Parametric study on core evaporation length (a) Effect of solids loading.
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(b) Effect of initial droplet size.

(c) Effect of jet mass flow rate
Figure 6.24 Parametric study on core evaporation length (b) and (c).
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Both Figure 6.24(b) and Figure 6.24(c) illustrate a linear relationship between the
core evaporation length and initial droplet size and between the core evaporation length
and jet mass flow rate. When the initial droplet size changes from 60 to 200 μm, the
spray core evaporation length is increased by about 155%. While increasing the initial
droplet size leads to an increase in the spray penetration depth, it reduces the dropletsolids mixing rate. From the modeling prediction, Figure 6.24(c) illustrates a 90%
increase in the core evaporation length as the jet mass flow rate changes from 1 g/s to 6.0 g/s.

6.3.3 Ratio of Core Evaporation and Penetration Length
It is interesting to investigate the ratio of spray core evaporation length (Lc) and
penetration length (L) since experimentally only one of these two characteristic lengths
can be determined. This parametric study provides an avenue for using experimental
measurements of core evaporation length to estimate penetration length.

Figure 6.25 Parametric study on the ratio of Lc and L (a) Effect of solids loading.
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(b) Effect of initial droplet size.

(c) Effect of jet mass flow rate.

Figure 6.25 Parametric study of the ratio of Lc and L (b) and(c).

119
Figure 6.25 illustrates the parametric effects of solids loading, initial droplet size,
and jet mass flow rate on the ratio of Lc/L. The relationship between the ratio of solids
loading and initial droplet size is nearly linear, as shown in Figure 6.25(a) and Figure
6.25(b), respectively. When the solids loading is lower than 1.0%, the core region length
is within 10% to 20% of the spray penetration length. The higher the solids concentration,
the lower the relative length. Figure 6.25(b) shows that the ratio of core evaporation
length and spray penetration length is also sensitive to the initial droplet size. When the
initial droplet size is changed from 60 to 200 μM, the ratio is reduced from 20% to
8%, indicating that the reduced initial droplet size may enhance the droplet mixing in the
gas-solids flow. Figure 6.25(c) indicates that the relative length does not follow a linear
relationship with the jet mass flow rate. The higher the mass flow rate, the slower the
increasing rate in relative length. As the jet mass flow rate changes from 1 g/s to 6 g/s,
the ratio of core evaporation and spray penetration length varies from 9 to 16%.

CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 Research Summary
A systematic study combining experimental measurements, analytical modeling and
numerical simulations has been performed to investigate the unique characteristics of
phase mixing and spray evaporation of the concurrent evaporating spray jets in dilute
gas-solids pipe flows. The experimental work in this study represents the first known
effort to determine the spray jet structure by optical visualization and thermocouple-based
temperature measurements. The parametric effects of gas velocity, solids loading, and
liquid-to-solids ratio on the spray evaporation characteristics have been experimentally
explored. These results provide original experimental evidence for better understanding
the phase mixing and droplet evaporation process in pipe flow.
In order to interpret the experimental findings and go beyond the experiment
-its, modeling approaches have been pursued, including the development of analytical
models and numerical simulations. The one-dimensional analytical model is based on the
multi-fluid control volume method, in which a spray evaporation region and an ambient
gas-solids region are defined for three-phase flow. Turbulent phase transfer and
interactions between the spray and the ambient flow are delineated. Characteristic
phenomena, such as the shortening of the spray penetration and evaporation-induced
temperature reduction and gas acceleration have been explored and interpreted. In the
numerical simulation approach, a hybrid Eulerian-Lagrangian method has been applied to
investigate a concurrent liquid nitrogen spray jet in a FCC pipe flow, which yielded the
local phase interactions and distributions, difficult to study otherwise. The method also
120
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successfully yield the total spray evaporation length as well as similarity laws of phase
velocity distributions with strong droplet evaporations.

7.2

Major Research Findings

The phenomenon of evaporating spray jets in a gas-solids pipe flow is very complex and
involves many advanced research topics, such as multi-phase jet droplet evaporation,
droplet-solids collision-dominated heat and mass transfer, and turbulence modulation by
solids loading and droplet evaporation. The following summarizes three major
conclusions obtained from this study.

7.2.1 Spray Region Identification
This study developed an innovative and practical method for demarcation of the dense
spray region and the dilute spray region with strong evaporation in gas-solids
suspensions. Based on the thermocouple measurements, the dense evaporation length can
be clearly determined from a temperature jump in the axial temperature distribution. It is
noted that the temperature profile measured by a thermocouple in a spray region with
strong evaporation has unique characteristics, namely, an isothermal core of the droplet
temperature in the densely populated spray region as opposed to a high-temperature
distribution in dilute spray region. The sudden jump of temperature can be used to
demarcate the interfacial boundary between these two regions. This temperature
demarcation method is superior to the conventional optical visualization method that can
only be applied to very dilute flows with optically distinguishable droplets and solid
particles. The proposed thermocouple measurement method can quantitatively determine
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the dense spray region not only for the cases where optical visualization can be applied
but also for sprays in dense gas-solids flows and in dilute gas-solids suspensions with
indistinguishable droplets and solid particles.
This study also proposed a mechanistic model for the physical interpretation of
the temperature jump phenomena in the thermocouple-measured temperature profiles.
The model reveals that the spray region demarcation is characterized by two time scales,
namely the collision contact time between a droplet and the thermocouple τ c and the time
interval between two adjacent droplet collisions on the thermocouple

τdd. When

τc > τdd,

the thermocouple is always in contact with liquid and hence the thermocouple
measurement yields a constant temperature close to that of the liquid droplet due to the
strong latent heat required for droplet evaporation. This region is thus defined as the
dense spray region. When i s < τdd, the thermocouple is not always in contact with liquid.
In this case the thermocouple measurement is a phase-averaged temperature of gas,
solids, and droplets, which depends not only on the phase temperature but also on the
phase concentration and velocity. Due to the intermittent evaporation and strong
turbulent convection of gas and solids, this phase-averaged temperature is significantly
higher than that of the droplets. This temperature jump occurs over a very short distance
of the measurements. Thus this relatively high-temperature region corresponds to the
dilute spray region.
In summary, an innovative measurement method to identify the dense spray
region is proposed. Successful interpretation of the physical meaning of the spray
regions based on two characteristic time scales is also provided.
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7.2.2 Shortening Effect of Solids Loading
In this work, a systematic investigation is carried out for the shortening effect of solids
loading on the spray evaporation length by the combined efforts of experimental
measurement, analytical modeling, and numerical simulation. For the liquid nitrogen
sprays concurrently injected into FCC suspension flows, all three methods illustrate the
same trend of the effect of solids loading. It is shown that, the higher the solids
concentration, the shorter the spray evaporation length. This shortening effect is true not
only for the length of the dense spray region but also for the total spray evaporation
length. In addition, the evaporation length is found to decrease monotonically and
asymptotically when the solids concentration is increased. Our modeling shows that the
jet-induced entrainment is reduced by droplet evaporation. With an increase in solids
loading, more solids would be entrained into the spray region, leading to an increase in
spray evaporation. However, the increased evaporation in turn would lead to a reduction
in the entrainment rate of the solids. Hence, an asymptotic trend of spray evaporation
length results with an increase in solids loading.
The parametric study of solids loading on shortening of the spray evaporation
length was conducted using the following conditions: ambient gas-solids velocity of 4.0
m/s; ambient gas-solids temperature of 300 K; pipe diameter of 51 mm; spray jet velocity
of 30 m/s and spray jet mass flow rate of 2.7 g/s; and nozzle tube diameter of 1.2 mm.
The solids volumetric loading varies up to 1%. The study shows that, with a solids
loading of 1.0%, the total evaporation length is shortened by 50% compared to that of the
solids-free case, whereas the length of the dense region is shortened by nearly 70%. It is
shown that the shortening effect of solids loading has more impact on the dense region
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than on the total spray region. Due to the asymptotic nature, within the range of this
investigation, the most sensitive range of the shortening effect of the solids loading
occurs within 0.5%, whereas the shortening effect becomes relatively insensitive beyond
this point.
One interesting indication of this study is that, due to the existence of the
asymptotic trend, the spray structure in a dense gas-solids suspension may be very similar
to that in a dilute suspension flow (say, at a solids loading of 0.5%).

7.2.3 Non Uniformity of Phase Distributions
-

In order to investigate the non-uniform phase distributions in the spray region, a
numerical simulation was performed, based on a computer program originally developed
by Argonne National Laboratory. This study considers special collision modes between
evaporating droplets and solids with a temperature above the Leidenfrost temperature.
One of the major contributions from this study is the development and implementation of
the Leidenfrost collision model into the computational code, which reflects non-direct
contact between droplet-solids by the vapor film due to the quick evaporation.
The numerical simulation revealed the strong non-uniformity in phase
distributions. Typical simulation conditions include a liquid nitrogen jet of 2.7 g/s, jet
velocity of 30 m/s, solids volumetric loading of 1%, and ambient air flow of 4 m/s and
room temperature of 300 K. Under these conditions, the maximum temperature difference
is about 150 K in the spray region, while the maximum velocity difference is 25 m/s. A
strong non-uniform distribution was also illustrated in the solids concentration
distribution. Due to the jet expansion and solids inertia, there exists a dense solids layer
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around the jet boundary. This high solids concentration layer may strongly affect the heat
and mass transfer between the spray region and its surrounding flows. This phenomenon
of a dense solids layer may require further experimental exploration and validation.
Another interesting contribution from the numerical simulation is the finding of
the existence of similarity in the gas velocity profile in the main spray region. It revealed
that dimensionless velocity distributions are not only similar to but also match the
Schlichting formula or "the Law of 3/2" of single-phase jets. Within the range of this
study, it appears that the similarity model for a one-phase jet may be extended to threephase jets with strong droplet evaporation.

7.3 Suggested Future Research Topics
Due to the time limit and other restraints, the current study only focused on the
methodology development and investigation of solids loading on the shortening of the
spray evaporation length. This study undoubtedly opens a wide research area with both
high academic value and application significance. Some future research topics are
suggested below.
• The measurements should be extended from dilute conditions to dense phase
flows. This extension may provide other findings with respect to the spray evaporation
rate and solids loading of significant industrial relevance.
• The effect of nozzles should be combined since the atomization process is an
integrated part of the entire spray and evaporation process.
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• The volumetric effect of droplets on gas-solids flows should be included in the
numerical simulation. This effect may be important for the immediate regions near the
spray nozzle.
• The current turbulent model is based on the Prandt1 mixing length model. A
better model (such as the k-ε model) should be used to interpret the phase interactions. A
study on turbulence modulation with spray evaporation is also highly recommended.
• The phase interactions and transport due to eccentric collisions between droplets
and superheated solids should be investigated, as well as the effect of non-uniform size
distributions.
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